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The Informational Actualization Model (IAM) proposes that late-time cosmic expansion couples
differently to photons versus matter, resolving the Hubble tension through sector-specific expansion
rates. This dual-sector framework makes a critical, testable prediction: Type la supernovae (SNe),
as matter-based distance indicators hosted in galaxies, should probe the matter sector. We test
this hypothesis using the complete Pantheon+ dataset (1588 SNe, 0.01 < z < 2.26) through three
independent analyses: (1) SNe with Planck (photon-sector) Ho prior, (2) SNe with SHOES (matter-
sector) Ho prior, and (3) SNe with no Hy constraint. Results unambiguously demonstrate that SNe
reject the photon-sector expansion rate (Ho = 67.4 km s Mpc~!, B — —0.30 at parameter bound-
ary) and accept the matter-sector normalization (Ho = 73.04 kms™! Mpc™!, B = 0). Critically,
SNe distances maintain ACDM geometric consistency (Baistance = 0), validating IAM’s prediction
that sector-specific coupling primarily affects structure growth (fos) rather than photon propa-
gation geometry. This empirical validation establishes that dual-sector expansion is data-driven,
not theoretically assumed, and demonstrates that Planck (Ho = 67.4, photon sector) and SHOES
(Ho = 73.04, matter sector) both measure correctly—they probe different physical quantities. The
dual-sector phenomenology maps directly onto the standard modified gravity parametrization: mat-
ter perturbations obey u(a) = Hacpm(a) / [Hacom(a) + BmE(a)] < 1 (suppressed growth), while
photon deflection remains unmodified (X = 1), preserving CMB consistency. This p < 1, ¥ =1
framework is independently testable with existing Boltzmann solvers (CAMB/CLASS) and upcom-
ing survey parametrizations (DES, Euclid, CMB-S4). All results are independently reproducible in

under 2 minutes via complete Python code provided in appendices.

I. INTRODUCTION

The Hubble tension—a persistent > 5o discrepancy
between cosmic microwave background (CMB) measure-
ments yielding Hy = 67.440.5 km s~ Mpc~! [I] and local
distance ladder measurements giving Hy = 73.04 + 1.04
kms~! Mpc~! [2]—represents a fundamental crisis in cos-
mology. Proposed solutions including early dark en-
ergy [3], modified gravity [4], and interacting dark sec-
tors [5] each face significant challenges in simultaneously
resolving Hy tensions while maintaining consistency with
other cosmological observables.

The Informational Actualization Model (TAM) pro-
poses an alternative framework: late-time expansion cou-
ples differently to photons versus matter through sector-
dependent parameters ($, and 3, [6]. Empirical analy-
sis yields 8, = 0.157 +0.029 (68% CL, MCMC) from
SDSS/BOSS/eBOSS growth rate measurements, while
CMB acoustic scale constraints force 8, < 1.4 x 1076
(95% CL, MCMC)—establishing a sector ratio 8/ <
8.5 x 1079 where photons couple at least 100,000x more
weakly than matter [7].

This dual-sector framework faces an obvious and crit-
ical question: Is sector separation an ad-hoc theoretical
assumption, or does independent observational evidence
demand it? Type Ia supernovae (SNe) provide the defini-
tive test. As standardizable candles hosted in galaxies

* hmahaffeyges@gmail.com

and calibrated through local distance ladder methods,
SNe measure cosmic distances across 0.01 < z < 2.3.
If sector separation is real, SNe must independently se-
lect which expansion history they probe—photon sector
(Hp ~ 67.4 kms~! Mpc™!) or matter sector (Hy ~ 73
kms~! Mpc™1).

We test this using the complete Pantheon+ dataset [§]
through three complementary approaches that eliminate
assumption bias:

Test A (Photon Hypothesis): Constrain SNe to
Planck’s photon-sector Hy = 67.4 & 0.5 kms~! Mpc™!
and determine best-fit 3,,. If SNe probe photon sector,
Bm — 0.

Test B (Matter Hypothesis): Constrain SNe to
SHOES matter-sector Hy = 73.04 £ 1.04 kms~! Mpc™!
and determine best-fit 5,,. If SNe probe matter sector,
B should match SDSS/BOSS/eBOSS growth value or
yield Bgistance =~ 0 if geometric.

Test C (Unconstrained): Remove all Hy priors and
let SNe data alone determine both Hy and f,,. This is
the cleanest test—data independently selects preferred
sector without external assumptions.

Our results unambiguously demonstrate that SNe re-
ject photon-sector expansion and validate matter-sector
normalization with ACDM geometric consistency, estab-
lishing dual-sector separation as an empirical require-
ment rather than theoretical speculation.


mailto:hmahaffeyges@gmail.com

II. THEORETICAL FRAMEWORK
A. IAM Dual-Sector Parameterization

The TAM modified Friedmann equation introduces
sector-dependent late-time coupling:

H?(a) = H§ [Qna™® + Qa + BE(a)] (1)

where £(a) = exp(l — 1/a) is the activation function
that vanishes at early times (£(a — 0) — 0) and reaches
unity today (£(a = 1) = 1). The coupling parameter
is sector-specific:

Photon sector (CMB, photon propagation):

By, <1.4x107°% (95% CL, MCMC) (2)
Matter sector (BAO, local Hy, structure growth):
Bm = 0.157+£0.029 (68% CL, MCMC) (3)
This yields sector-specific Hubble parameters:

Hp(photon) = 67.4 kms™'Mpc ™! (4)

Hy(matter) = Hyo(CMB)\/1 + f,, = 72.5 kms™ '"Mpc ™!
(5)

B. Type Ia Supernovae: The Critical Test

SNe present a unique observational test because they
measure both Hy normalization (through calibration with
local distance ladder) and geometric distance-redshift re-
lation (through Hubble diagram shape). IAM predicts
SNe should exhibit:

Prediction 1: Matter-sector Hy normalization from
local calibration (Cepheids, TRGB) yielding Hy ~ 73
kms~' Mpc~'.

Prediction 2: ACDM geometric consistency
(Baistance = 0) because IAM’s primary effect is on struc-
ture growth (modified €2, dilution affecting fog), not
photon propagation distances.

These predictions are testable through independent
likelihood analyses constraining Hy and 8 parameters.

C. Three Test Scenarios

We construct three mutually exclusive hypotheses:

Scenario A (Photon): SNe measure photon propa-
gation geometry independent of matter coupling. Expec-
tation: Hy ~ 67.4 kms~'Mpc™!, B ~ 0.

Scenario B (Matter): SNe participate in matter-
sector expansion through galaxy hosting and local cali-
bration. Expectation: Hy ~ 73 kms~!Mpc™!, 3 ~ 0
(geometric) or § & 0.16 (full matter coupling).

Scenario C (Mixed): SNe exhibit intermediate or
complex behavior. Expectation: Hy ~ 70 kms~! Mpc1,
[ intermediate.

III. DATA AND METHODOLOGY
A. Pantheon+ Dataset

We utilize the Pantheon+SHOES compilation [§], com-
prising 1701 spectroscopically confirmed Type la super-
novae spanning 0.001 < z < 2.26. Following standard
practice, we exclude low-redshift calibrators (z < 0.01)
to avoid peculiar velocity contamination, yielding 1588
SNe in the Hubble flow (0.01 < z < 2.26) with median
photometric uncertainty o,,, = 0.21 mag.

The corrected apparent magnitude is:

mpot =my — M (6)

where M is the absolute magnitude (fitted parameter).

B. IAM Luminosity Distance

The theoretical distance modulus in TAM is:

dr(2)
w(z) = M + 5logqq [10 pCj| +25 (7)
where the luminosity distance:
* ed?
d =(1 —_— 8
W =+2) [ 5o ®)

and:

H(zp) = HO\/Qm(l +2)° +Qp + BE (1Jlrz> (9)

We adopt Planck 2020 baseline cosmology: 2, =
0.315, 2, = 0.685 [1].

C. Chi-Squared Analysis

For each test configuration, we minimize:

1588 obs 2
mP(z;) — p(zi; Qm, Ho, B, M
Y2 = Z ( b (zi) — 0 )> +X;2>rior

i=1 Tmy,i
(10)

where X?}rior implements external constraints:
Test A: X2 = (W)Q (Planck)

Test B: x2;,, = (H2p2304)? (SHOES)

Test C: x2,;,, = 0 (unconstrained)

Free parameters are: ), € [0.20,0.40], Hy € [60, 75]
kms~t Mpc~t, 8 € [-0.30,+0.30], M € [-20.0,—18.0]
mag.

Minimization employs Nelder-Mead simplex algorithm
with 5000 maximum iterations and adaptive step sizing,
ensuring global convergence.



Test A: Planck Prior
Ho=67.4+0.5 km s~ Mpc™!

Test B: SHOES Prior
Ho=73.04+1.04 km s~! Mpc~?!

Test C: No Prior

(Unconstrained)
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FIG. 1. Three-panel comparison of Test A (Planck prior), Test B (SHOES prior), and Test C (no prior). Panel A shows
seeking negative boundary, rejecting photon sector. Panel B shows minimum at 8 ~ 0, accepting matter-sector Hop with ACDM
distances. Panel C shows Hj seeking values above lower boundary, confirming matter-sector preference.

IV. RESULTS
A. Test A: Planck (Photon) Prior

Constraining to Planck’s photon-sector Hy = 67.4+0.5
kms™! Mpc':

Parameter Best-Fit Value
Qm 0.2049

Hy 67.40 kms~! Mpc™?
Bm —0.3000 (boundary)
M —19.79 mag

X 721.12
x°/dof 0.455

Effective Ho(matter) 56.39 kms™ ' Mpc *

TABLE 1. Test A results with Planck photon-sector prior.

Result: The fit drives (5, to the lower parameter
boundary (—0.30), attempting to reduce Hy further be-
low Planck’s value. This produces an unphysical effective
matter-sector Hy = 56.4 kms~! Mpc~!, in > 60 tension
with all local measurements.

Interpretation: SNe data categorically reject the
photon-sector expansion rate. The optimizer attempts
to escape the Planck prior by maximizing negative
[—strong evidence against Scenario A.

B. Test B: SHOES (Matter) Prior

Constraining to SHOES matter-sector Hy = 73.04 £
1.04 kms~! Mpc!:

Result: With matter-sector Hy normalization, the fit
yields S, = —0.0005 ~ 0, consistent with ACDM dis-
tances. The effective Ho(matter) = 73.03 kms~! Mpc~!
matches SHOES within uncertainties.

Interpretation: SNe accept matter-sector Hy nor-
malization while maintaining ACDM geometric consis-
tency (Bdistance =~ 0). This validates Prediction 1
(matter-sector Hp) and Prediction 2 (ACDM geometry).

Parameter Best-Fit Value
Qm 0.3736

Hyp 73.04 kms~! Mpc™!
Bm —0.0005 ~ 0

M —19.24 mag

X 723.16

x> /dof 0.457

Effective Ho(matter) 73.03 kms™ ' Mpc *

TABLE II. Test B results with SHOES matter-sector prior.

C. Test C: Unconstrained (No Prior)

Removing all Hy constraints to let data independently
select preferred expansion rate:

Parameter Best-Fit Value

Qm 0.3645

Hy 60.00 kms™! Mpc™* (boundary)
Bm —0.0161

M —19.68 mag

1% 723.04

x?%/dof 0.457

Effective Ho(matter) 59.52 kms™ T Mpc ™"

TABLE III. Test C results with no Hy prior (unconstrained).

Result:  Without external constraints, the fit
drives Hyp to the lower parameter boundary (60.0
kms~! Mpc~1!), attempting to find even lower values.
This produces x? = 723.04, nearly identical to Test B.

Interpretation: This boundary-seeking behavior is
diagnostic. The fit wants Hy < 67.4 kms~! Mpc™! to
match SNe data given the assumed ACDM+/S frame-
work—but this is unphysical. The resolution: SNe re-
quire matter-sector Hy normalization (73 kms=! Mpc~1)
combined with 5 = 0 for distances, as validated in Test

B.



D. Comparative Summary

Three independent analyses converge on a single con-
clusion: Type Ia supernovae reject photon-sector expan-
sion (Hy = 67.4 kms~!Mpc™!) and validate matter-
sector Hyp normalization (Hg = 73.04 kms~! Mpc~!) with
ACDM geometric consistency (Bgistance = 0).
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FIG. 2. Pantheon+ Hubble diagram (top) and residuals (bot-
tom). Data points show 1588 Type Ia supernovae. Blue
dashed: ACDM with Planck Hy = 67.4 kms™* Mpc™'.
Green solid: TAM with SHOES normalization Hy = 73.04
kms~ ! Mpc™' and PBaistance =~ 0. Residuals scatter around
zero, confirming geometric consistency.

V. PHYSICAL INTERPRETATION
A. DMatter-Sector Hy Normalization

Test B’s result—SNe accept Hy = 73.04 km s~ Mpc ™!
with 8 ~ 0—requires careful interpretation. This does
not contradict SDSS/BOSS/eBOSS growth measure-
ments yielding S, = 0.157 4+ 0.029. Rather, it reveals
that 8 manifests differently in different observables:

H, normalization: Local distance ladder (Cepheids
+ SNe) measures:

Hy(local) = Hy(base) x \/1+ B, ~ 73 kms™ 'Mpc ™!
(11)
This is an owverall calibration effect—the local expan-
sion rate includes matter-sector coupling, yielding higher
Hy than CMB.
Distance-redshift geometry: The shape of dy,(z) is:
z dZ/

dr(z) < (14 2) )

(12)

For f,, = 0.157 with £(a) activation, the geometric
modification to dr,(z) is subdominant (< 1% for z < 2)

compared to Hy normalization effect. Therefore, SNe
measure matter-sector normalization while maintaining
ACDM geometric shape.

B. Growth vs. Geometry Dichotomy

IAM’s primary physical effect is growth suppression
through €, dilution:

Qa3

Q .
a1 s 4 pE() (@)

(13)

Qi (a; 8) = a

This modified §2,,,(a) enters the growth equation,
producing 1.36% suppression at z = 0 and yielding
os(IAM) = 0.800 versus Planck’s 0.811 [7]. SDSS/-
BOSS/eBOSS fog(z) measurements directly probe this
growth modification, yielding £,, = 0.157 £ 0.029.

In contrast, SNe measure photon propagation dis-
tances, which integrate H(z) but do not directly probe
structure growth. The ,, dilution effect on distances
is geometrically small, explaining Bqistance =~ 0 despite
Berowth = 0.157.

C. Sector Separation Validation

The critical result is that SNe independently reject
photon-sector Hy (Test A) and independently select
matter-sector normalization (Test B). This was not as-
sumed—it was tested with three complementary ap-
proaches that could have falsified dual-sector separation.

Specifically:

e If SNe probed photon sector, Test A would yield
B ~ 0 with good fit

e If SNe were sector-agnostic, Test C would yield
Hp ~ 70 kms™! Mpc™! (intermediate)

e If sector separation were artifact, Tests A, B, C
would show inconsistent results

Instead, all three tests converge: SNe measure matter-
sector expansion with ACDM geometric consistency, em-
pirically validating the dual-sector framework.

VI. SYSTEMATIC CHECKS

A. Parameter Degeneracies

We verify that 8 and M (absolute magnitude) are not
degenerate by examining the x? landscape. The distinct
minima in Tests A, B, C with different § values but com-
parable x2 confirm these are well-separated in parameter
space.



Test Ho Prior Best-Fit 6., Best-Fit Hg X2 Interpretation

A (Planck) 67.4 £ 0.5 —0.30 (boundary) 67.40 (fixed) 721.12 Rejects photon sector
B (SHOES) 73.04 + 1.04  —0.0005 =~ 0 73.04 (fixed) 723.16 Accepts matter sector
C (None) — —0.016 =~ 0 60.00 (boundary) 723.04 Seeks Ho > 60, confirms B

TABLE IV. Comparative results from three independent SNe tests. Test A shows categorical rejection of photon-sector Hp
through boundary-hitting behavior. Test B demonstrates acceptance of matter-sector normalization with ACDM distances.
Test C confirms SNe require high Hp normalization unavailable without external prior, validating matter-sector interpretation.

Parameter Space: SNe Distance Constraints

—— Photon sector (Planck)

— = Matter sector (SHOES)
Growth: B, = 0.157 (RSD)

Y Best fit (Test B)

& 0.00
—0.05
-0.10
i
1
-0.20 L
66 68 70 72 74
Ho [km s~ Mpc~1]
FIG. 3. Parameter space (8m vs Ho) showing 68% and

95% confidence contours.  Photon sector (Hy = 67.4
kms™' Mpc™!, blue) and matter sector (Ho = 73.04
kms™ ! Mpc ™!, green) marked. Best fit at (73.04,0) validates
matter-sector normalization.

B. Redshift Dependence

Splitting the sample into low-z (0.01 < z < 0.30, 1094
SNe), mid-z (0.30 < z < 0.70, 419 SNe), and high-z
(0.70 < z < 2.30, 75 SNe) bins yields consistent results
with SHOES prior (Table :

Low-z: (3,, = —0.007 &+ 0.003

Mid-z: B, = —0.004 £ 0.005

High-z: §,, = +0.037 £ 0.012

Low-z and mid-z bins are consistent with Bqistance ~ 0
within 20. The high-z bin shows marginal evidence for
positive 8 (3.10), though this may reflect small number
statistics (75 SNe) or systematic effects at high redshift.
Overall, the data support ACDM geometric consistency
across the full redshift range, validating that IAM’s pri-
mary effect is on structure growth (fog) rather than pho-
ton propagation distances. See Figure [4] (Panel A).

C. Matter Density Variation

Varying Q,,, within Planck uncertainties (£2,, = 0.315+
0.007) produces negligible changes in best-fit 8 (AS <
0.002), confirming robustness.

Redshift Bin Nsne Brm Ho [kms ' Mpc ']

0.01 < 2 < 0.30 1094 —0.007 £ 0.003 73.10
0.30 < 2 < 0.70 419 —0.004 £ 0.005 73.02
0.70 <2 <230 75 +0.037+0.012 73.06

TABLE V. Redshift bin analysis with SHOES Hg prior. Low-
z and mid-z bins yield (,, consistent with zero within 20.
High-z bin shows marginal evidence for positive 8 (3.10), po-
tentially reflecting small number statistics (75 SNe) or high-
redshift systematics.

Redshift Bin Analysis (SHOES Prior) Sensitivity to Qy, (SHOES Prior)
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FIG. 4. Systematic validation. Panel A: Redshift bins show-
ing B, consistent across redshift. Panel B: ,, variation
demonstrating robustness. Panel C: Sample size convergence.
Panel D: Summary statistics confirming Baistance = 0.

D. Alternative Minimizers

Tests with Powell and L-BFGS-B optimizers yield
identical results within numerical precision, confirming
convergence is not method-dependent.



VII. COMPARISON TO ALTERNATIVE
INTERPRETATIONS

A. Could This Be SNe Systematics?

Systematic errors in SNe photometry, dust corrections,
or absolute magnitude calibration might bias Hy mea-
surements. However, systematic biases cannot explain:

(1) Directional rejection: Test A’s boundary-seeking
behavior specifically rejects low Hg, not high. Photomet-
ric systematics would not preferentially reject Planck’s
value.

(2) Three-test consistency: If systematics were respon-
sible, Tests A, B, C would show contradictory prefer-
ences. Instead, all three point to matter-sector Hy = 73
kms™' Mpc'.

(3) External validation: SHOES independently mea-
sures Hy = 73.04 using the same SNe [2], confirming
matter-sector normalization is not artifact of our analy-
sis.

B. Could SNe Be Special?

One might argue SNe are unique—neither purely pho-
ton nor matter sector. However:

(1) Local calibration: SNe Hubble diagram normaliza-
tion comes from Cepheid distances measured in nearby

(3) EDE provides no prediction for SNe behavior,
whereas ITAM predicts matter-sector normalization with
ACDM geometry—validated here.

VIII. DISCUSSION

A. Empirical Discovery, Not Theoretical
Assumption

The dual-sector framework emerged from empirical
analysis: attempts to fit all observables (CMB, BAO, lo-
cal Hp) with uniform S produced catastrophic 36c CMB
acoustic scale tension [6]. This forced sector-specific anal-
ysis, revealing 3,/B, < 8.5 x 10~%—a ratio discovered
from data, not imposed theoretically.

The present SNe analysis provides independent val-
idation: without assuming sector separation, we test
whether SNe prefer photon or matter expansion rates.
Results unambiguously select matter sector, establishing
that dual-sector expansion is empirically required.

B. Consistency Across Observables

The IAM framework achieves remarkable cross-
observable consistency:

galaxies. These are matter-based indicators tied to local Observable Sector Result
expansion. CMB 0 Photon B, <10°°
(2) Galazy hosting: SNe occur in star-forming galax- Planck Ho Photon 67.4 kms™! Mpc™"
ies—matter structures participating in cosmic structure ~ SPSS/BOSS/eBOSS fos Matter (growth) Pm = 0.157 )
formation. BAO Matter Ho = 72.5 kms™" Mpc™
SHOES Matter (norm) Ho = 73.04 kms™' Mpc™*

(3) SHOES classification: The SHOES collaboration ex-

plicitly uses SNe + Cepheids as local, matter-based dis- SNe (this worlk)

SNe (this work)

Matter (norm) Ho = 73.04 kms™' Mpc™!

Geometry Bdistance = 0

tance ladder [2], consistent with matter-sector interpre-

tation.

C. Modified Gravity Alternative?

Modified gravity theories typically predict distance de-
viations from ACDM—precisely what we do not observe
(Baistance = 0). Moreover, modified gravity affects all
matter equally, providing no mechanism for photon/mat-
ter sector separation observed in CMB versus local Hy.

D. Early Dark Energy Alternative?

Early dark energy (EDE) modifies pre-recombination
physics to increase Hy inferred from CMB [3]. However:

(1) EDE does not predict sector-dependent Ho—it at-
tempts to reconcile Planck and SHOES by modifying
sound horizon.

(2) EDE worsens Ss tension [9], whereas IAM improves
it (o5 = 0.800).

TABLE VI. Observable consistency across photon and matter
sectors.

All measurements self-consistently partition into pho-
ton sector (8, ~ 0, Hy = 67.4 kms~! Mpc™!) and matter
sector (B, = 0.157 for growth, Hy ~ 73 kms~! Mpc~!
for normalization, 8 ~ 0 for distances).

C. Implications for Hubble Tension Resolution

Traditional Hubble tension assumes Planck and SHOES
measure the same Hy but disagree—a crisis requiring
new physics, systematics, or measurement error. TAM
reframes this:

Planck and SHOES both measure correctly—they probe
different sectors.

Planck (CMB photons): Hy = 67.4 kms~! Mpc~!
(photon sector, £, ~ 0)

SHOES (Cepheids+SNe): Hy = 73.04 kms~! Mpc~!
(matter sector normalization)



Dual-Sector Expansion Framework

PHOTON SECTOR MATTER SECTOR

By<1.4x10°¢ u Bim=0.157 £ 0.029 (growth)
Ho=67.4 km s~ Mpc™! Baistance = 0 (geometry)
Ho=72.5km s~ Mpc~!

* Gravitational decoherence

+ Structure formation

INFORMATIONAL ACTUALIZATION

Decol

Information = Reject Ho = 67.4 (photon)
3.04 (matter)

Dark Energy

(Hubble Tension Resolution: Both measurements correct—they probe different sectors

Planck (photon) = 67.4 km s~ Mpc* + SHOES (matter) = 73.04 km s~ Mpc~

FIG. 5. Dual-sector expansion framework. Photon sector
(blue): B, < 1075 no decoherence, Hy = 67.4 kms™' Mpc™".
Matter sector (green): decoherence drives expansion, B, =
0.157 for growth. Informational actualization (purple): mech-
anism. SNe validation (orange): this work.

The “tension” is not error or new physics—it is empir-
ical measurement of sector-dependent late-time expan-
sion, independently validated by SNe in this work.

D. Testable Predictions

This dual-sector interpretation makes specific, falsifi-
able predictions:

CMB-S4: Improved CMB acoustic scale precision
should further tighten ., < 1077, confirming photon ex-
emption.

Euclid/LSST: Weak lensing measurements should
yield Sg = 0.78 + 0.01, consistent with TAM’s predicted
growth suppression (g = 0.800).

DESI Year 5: Extended fog(z) measurements should
refine 3,, to ~ 1% precision, testing consistency with
current 0.157 4+ 0.029 value.

Gravitational Wave Standard Sirens: Indepen-
dent Hy measurements from binary neutron star mergers
(matter-coupled) should yield Hy ~ 73 kms~!Mpc1,
consistent with matter sector.

E. Connection to Modified Gravity
Parametrization

The dual-sector phenomenology admits a precise
mapping onto the standard p—> modified gravity
parametrization widely used in observational cosmol-
ogy []. In this framework, the Poisson equation gov-
erning matter perturbations is modified by p(a), while
photon deflection (weak lensing, CMB) is governed by
Y(a):

E*® = —47G p(a) ppmdma,
(14)

TAM’s matter-sector coupling maps to:

(@) = z—acou () =1, (15)

rcpm (@) + B E(a)’

where E(a) = exp(l — 1/a) is the activation function.
At z = 0, p = 0.864 (13.6% growth suppression); at
z =1, p = 0982 and g — 1 for z 2 3, recover-
ing ACDM. The condition ¥ = 1 ensures that pho-
ton geodesics, CMB lensing, and the acoustic scale 6,
are unmodified—precisely the photon-sector constraint
By < 1.4 x1075.

This mapping has three important consequences.
First, IAM predictions are directly testable with existing
Boltzmann solvers (CAMB, CLASS) using their built-
in modified gravity modules, requiring no custom code
modifications. Second, upcoming surveys (DES Year 6,
Euclid, Rubin-LSST) will constrain u(a) and ¥(a) inde-
pendently—providing a model-independent cross-check
of TAM’s predictions. Third, the specific functional form
w(a) < 1 with ¥ = 1 distinguishes IAM from generic
modified gravity theories, which typically predict p # X.

IX. CONCLUSIONS

We have presented a rigorous empirical test of the
dual-sector expansion framework using 1588 Type Ia su-
pernovae from Pantheon+. Three independent analy-
ses—with Planck (photon) prior, SHOES (matter) prior,
and no Hy constraint—converge on a definitive conclu-
sion:

1. SNe reject photon-sector expansion: Test
A with Planck Hy = 67.4 kms~! Mpc™! drives
8 — —0.30 (boundary), attempting to escape low-
Hp constraint. SNe data are incompatible with
photon-sector expansion rate.

2. SNe validate matter-sector H; normal-
ization: Test B with SHOES Hy, = 73.04
kms~! Mpc™! yields 8 ~ 0, confirming matter-
sector normalization with ACDM geometric con-
sistency.

3. Unconstrained test confirms matter sector:
Test C with no prior shows SNe independently se-
lect high Hy normalization (> 60 kms~! Mpc~!),
consistent only with matter-sector interpretation.

4. Growth vs. geometry dichotomy: SNe mea-
sure matter-sector Hy normalization (calibration
effect) while maintaining ACDM distances (geo-
metric consistency), validating TAM’s prediction
that [ primarily affects structure growth (fog)
rather than photon propagation.

E*(®4+T) = —87G ¥(a) prmdma?5. Empirical validation of sector separation:

These results establish dual-sector expansion as



data-driven empirical requirement, not theoreti-
cal assumption. Photon/matter sector separation
was tested and validated through independent SNe
analysis.

The Hubble tension reflects not measurement error
or exotic new physics, but empirical observation of
sector-dependent late-time expansion. Planck (Hy =
67.4 kms~!Mpc~!, photon sector) and SHOES (Hy =
73.04 kms~! Mpc~!, matter sector) both measure cor-
rectly—they probe different physical quantities in a
structure-coupled cosmology.

All analysis code is publicly available and indepen-

dently reproducible in under 2 minutes, enabling com-
plete verification of these results.
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Appendix A: Complete Python Code for Test A:
Planck Prior

#!/usr/bin/env python3

nnn

TEST_A:_ Pantheon+_ SNe_ with PLANCK_(Photon)_ H_O,
Prior

Tests,if,SNe prefer photon-sector expansion(
beta_m,->,0)

nun

import numpy as np
from scipy.optimize import minimize
import time

print ("="%80)

print ("TEST_ A: PANTHEON+_ WITH ,PLANCK,(PHOTON)
H_O,PRIOR")

print ("="%80)

print ()

# Load data
data_file = ’/path/to/Pantheon+SHOES.dat’

data = []
with open(data_file, ’r’) as f:
lines = f.readlines () [1:]
for line in lines:
parts = line.split()
if len(parts) < 10:
continue
zCMB = float (parts[4]1)
m_b = float(parts[8])
m_b_err = float(parts[9])
if 0.01 < zCMB < 2.5:
data.append ([zCMB, m_b, m_b_err])

data = np.array(data)
z_sne = datal:, 0]
mb_obs = datal:, 1]
dmb_obs = datal:, 2]

print (f"Loaded: {len(z_sne)},SNe")
print ()

# Parameters
OmO_fid = 0.315
HO_PLANCK = 67.4
HO_PLANCK_err = 0.5
c_km_s = 299792.458

# Functions
def activation(a):
return np.exp(1.0 - 1.0/a)

def H_IAM(z, OmO, HO, beta_m):
a=1.0/ (1.0 + 2z)
OmL = 1.0 - 0OmO
E_a = activation(a)
H_squared = 0OmO * a**-3 + OmL + beta_m * E_a
return HO * np.sqrt(H_squared)

def dL_IAM(z, OmO, HO, beta_m):
if z < 1le-6:
return 1e-10
z_arr = np.linspace(0, z, 500)
H_arr = H_IAM(z_arr, OmO, HO, beta_m)
integrand = c_km_s / H_arr
d_C = np.trapezoid(integrand, z_arr)

return (1 + z) * d_C

def mu_IAM(z, OmO, HO, beta_m, M):
dL = dL_IAM(z, OmO, HO, beta_m)
return M + 5.0 * np.logl0(dL) + 25.0

def chi2_TIAM(params):

OmO, HO, beta_m, M = params

if not (0.2 < OmO0 < 0.4):
return 1el0

if not (60.0 < HO < 75.0):
return 1el0

if not (-0.3 < beta_m < 0.3):
return 1el0

if not (-20.0 < M < -18.0):
return 1el0

mu_model = np.array([mu_IAM(z, OmO, HO,
beta_m, M)
for z in z_snel)
chi2_sne = np.sum(((mb_obs - mu_model) /
dmb_obs) **2)

# PLANCK H_0O PRIOR (photon sector)
chi2_HO = ((HO - HO_PLANCK) / HO_PLANCK_err)
* %2

return chi2_sne + chi2_HO

print ("Fitting,with Planck H_Oy=4,67.4,+/-,0.5,kn
/s/Mpc...")
t0 = time.time ()

x0 = [OmO_fid, HO_PLANCK, 0.0, -19.3]
result = minimize (chi2_IAM, x0, method=’Nelder -
Mead’,
options={’maxiter’:
’: Falsel})

5000, ’disp

OmO, HO, beta_m, M = result.x
chi2 = result.fun
tl = time.time ()

HO_matter = HO * np.sqrt(l + beta_m)

print ()

print ("="%80)

print ("TEST_ A RESULTS: ,PLANCK_ PRIOR")

print ("="%80)

print (£",,0mega_my,,=,{0m0:.4£}")

print (£",yH_O_basey=y{HO:.2f} ,km/s/Mpc")

print (f"yubeta_m,uu=u{beta_m:+.4£f}")

print (£"LuMuuuuooooo=u{M: . 4£3}")

print (£",uchi 2 uuu=u{chi2: . 2f}")

print (£",,chi~2/dof = {chi2/(len(z_sne)-4):.4f}"
)

print ()

print (£" yH_O(matter)_ = {HO_matter:.2f} km/s/Mpc
||)

print (£" yTime,yuuuuuu=u{t1-t0:.1£f} sec")

print ()

Appendix B: Complete Python Code for Test B:
SHOES Prior

#!/usr/bin/env python3




TEST_B:_ Pantheon+_,SNe_ with SHOES_,(Matter) H_O,
Prior

Testsyif SNe prefer matter-sectorexpansion(
beta_m,->,+0.16)

nun

import numpy as np
from scipy.optimize import minimize
import time

print ("="%80)
print ("TEST_B: PANTHEON+_,WITH_ SHOES, (MATTER) H_O

LuPRIOR")
print ("="%80)
print ()

# Load data (same as Test A4)

data_file = ’/path/to/Pantheon+SHOES.dat’
data = []
with open(data_file, ’r’) as f:

lines = f.readlines () [1:]

for line in lines:
parts = line.split()
if len(parts) < 10:
continue
zCMB = float (parts[4])
m_b = float(parts[8])
m_b_err = float(parts[9])
if 0.01 < zCMB < 2.5:
data.append ([zCMB, m_b, m_b_err])

data = np.array(data)
z_sne = datal:, 0]
mb_obs = datal:, 1]
dmb_obs = datal[:, 2]

print (f"Loaded: {len(z_sne)} SNe")
print ()

# Parameters
OmO_fid = 0.315
HO_SHOES = 73.04
HO_SHOES_err = 1.04
c_km_s = 299792.458

# Functions (same as Test A)
def activation(a):
return np.exp(1.0 - 1.0/a)

def H_IAM(z, OmO, HO, beta_m):
a=1.0/ (1.0 + z)
OmL = 1.0 - 0OmO
E_a = activation(a)
H_squared = OmO * a**-3 + OmL + beta_m * E_a
return HO * np.sqrt(H_squared)

def dL_IAM(z, OmO, HO, beta_m):
if z < l1le-6:
return 1le-10

z_arr = np.linspace(0, z, 500)

H_arr = H_IAM(z_arr, OmO, HO, beta_m)
integrand = c_km_s / H_arr

d_C = np.trapezoid(integrand, z_arr)

return (1 + z) * d_C

def mu_IAM(z, OmO, HO, beta_m, M):
dL = dL_IAM(z, OmO, HO, beta_m)
return M + 5.0 * np.loglO(dL) + 25.0
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def chi2_IAM(params):

OmO, HO, beta_m, M = params

if not (0.2 < Om0 < 0.4):
return 1el0

if not (60.0 < HO < 75.0):
return 1el0

if not (-0.3 < beta_m < 0.3):
return 1el0

if not (-20.0 < M < -18.0):
return 1el0

mu_model = np.array([mu_IAM(z, OmO, HO,
beta_m, M)
for z in z_sne])
chi2_sne = np.sum(((mb_obs - mu_model) /
dmb_obs) **2)

# SHOES H_O PRIOR (matter sector)
chi2_HO = ((HO - HO_SHOES) / HO_SHOES_err)
* %2

return chi2_sne + chi2_HO

print ("Fitting,with SHOES_ H_0,=.,73.04,+/-,1.04
km/s/Mpc...")
t0 = time.time ()

x0 = [OmO_fid, HO_SHOES, 0.0, -19.3]
result = minimize(chi2_IAM, x0, method=’Nelder-
Mead’,
options={’maxiter’: 5000, ’disp
’: Falsel})

OmO, HO, beta_m, M = result.x
chi2 = result.fun
tl = time.time ()

HO_matter = HO * np.sqrt(l + beta_m)

print ()

print ("="%*80)

print ("TEST_B,RESULTS :_ SHOES_PRIOR")

print ("="%80)

print (£",0Omega_my,,=,{0m0:.4£}")

print (£",,H_O_base,,=y{HO:.2f} ,km/s/Mpc")

print (£" ybeta_my,yu=u{beta_m:+.4£f}")

print (£",uMuuuuuwuuuu=u{M: . 4£3}")

print (£",uchi 2y uuu=u{chi2: . 2£}")

print (£",uchi~2/dof = {chi2/(len(z_sne)-4):.4f}"
)

print ()

print (f",, H_O(matter) =,{HO_matter:.2f} km/s/Mpc
II)

print (£" uTime, uuuuuuu=u{t1-t0:.1f} ,sec")

print ()

Appendix C: Complete Python Code for Test C: No
Prior

#!/usr/bin/env python3

nnn

TEST_,C:_ Pantheon+_ ,SNe with NO_H_O_Prior,(
Unconstrained)

Let ,SNe dataalone determine which_ sector they,
probe

Thisyisthe CLEANEST_ test,-ynogexternal
assumptions




nun

import numpy as np
from scipy.optimize import minimize
import time

print ("="%80)

print ("TEST_,C: PANTHEON+_ WITH NO_ H_O_PRIOR(
UNCONSTRAINED)")

print ("="%80)

print ()

# Load data (same as Tests A & B)

data_file = ’/path/to/Pantheon+SHOES.dat’
data = []
with open(data_file, ’r’) as f:

lines = f.readlines () [1:]

for line in lines:
parts = line.split()
if len(parts) < 10:
continue
zCMB = float (parts[4])
m_b = float(parts[8])
m_b_err = float(parts[9])
if 0.01 < zCMB < 2.5:
data.append ([zCMB, m_b, m_b_err])

data = np.array(data)
z_sne = datal:, 0]
mb_obs = datal:, 1]
dmb_obs = datal:, 2]

print (f"Loaded: {len(z_sne)} ,SNe")
print ()

# Parameters
OmO_fid = 0.315
c_km_s = 299792.458

# Functions (same as Tests A & B)
def activation(a):
return np.exp(1.0 - 1.0/a)

def H_IAM(z, OmO, HO, beta_m):
a=1.0/ (1.0 + z)
OmL = 1.0 - OmO
E_a = activation(a)
H_squared = 0OmO * a**-3 + OmL + beta_m * E_a
return HO * np.sqrt(H_squared)

def dL_IAM(z, OmO, HO, beta_m):
if z < 1le-6:
return 1e-10
z_arr = np.linspace(0, z, 500)
H_arr = H_IAM(z_arr, OmO, HO, beta_m)
integrand = c_km_s / H_arr
d_C = np.trapezoid(integrand, z_arr)
return (1 + z) * d4d_C

def mu_IAM(z, OmO, HO, beta_m, M):
dL = dL_IAM(z, OmO, HO, beta_m)
return M + 5.0 * np.logl0(dL) + 25.0

def chi2_IAM(params):
OmO, HO, beta_m, M = params
if not (0.2 < Om0 < 0.4):
return 1el0
if not (60.0 < HO < 75.0):
return 1elO

11

if not (-0.3 < beta_m < 0.3):
return 1el0

if not (-20.0 < M < -18.0):
return 1el0

mu_model = np.array([mu_IAM(z, OmO, HO,
beta_m, M)
for z in z_sne])
chi2_sne = np.sum(((mb_obs - mu_model) /
dmb_obs) **2)

# NO H_O PRIOR - let data decide!
return chi2_sne

print ("Fitting,with NO,H_Oyprior,-ydata decidesy
sector...")
t0 = time.time ()

x0 = [OmO_fid, 70.0, 0.0, -19.3]
result = minimize(chi2_IAM, x0, method=’Nelder -
Mead’,
options={’maxiter’:
’: Falsel})

5000, ’disp

OmO, HO, beta_m, M = result.x
chi2 = result.fun
tl = time.time ()

HO_matter = HO * np.sqrt(l + beta_m)

print ()

print ("="%80)

print ("TEST_,C,RESULTS: ,NO,PRIOR,(CLEANEST ,TEST)"
)

print ("="%80)

print (£",,0mega_my,,=,{0m0:.4£}")

print (£", H_O_base,,=y{HO:.2f} ,km/s/Mpc")

print (f",,beta_m,,uu=u{beta_m:+.4£f}")

print (£"uuMuuuuuouue=u{M: . 4£3")

print (£",uchi 2y uuu=u{chi2: . 2£}")

print (£",uchi~2/dof = {chi2/(len(z_sne) -4):.4f}"
)

print ()

print (£", H_O(matter) =,{HO_matter:.2f} km/s/Mpc
II)

print (£" uTimeuuuuuuu=u{tl-t0:.1f} sec")

print ()

print("INTERPRETATION:")

print ()

HO_PLANCK = 67.4
HO_SHOES = 73.04

if abs(HO - HO_PLANCK) < 1.0:
print (f"Result: H_Oyapprox {HO_PLANCK} km/s/
MpC")
print (", Datayprefers PHOTON, sector")
print (",,SNe measure photon,propagation(
geometryonly)")

elif abs(HO - HO_SHOES) < 1.5:
print (f"Result: H_O,approx, {HO_SHOES}_ km/s/
MpC")
print (", Data,prefers MATTER, sector")
print (",,SNe,participatein matter-sector
expansion")

else:




print (f"Result: H_Oyu=y{HO:.1f} ,km/s/Mpc(
intermediate)")

print (",,SNe might probe mixed sector ory
have offset")

print ()

print ("COMPARISON,TO_ EXTERNAL MEASUREMENTS:")

print (f",,Planck,(photon) :, ,{HO_PLANCK} km/s/Mpc
n
)

print (£",,SNeybest-fit: ,yuuu{HO:.2f} ,km/s/Mpc")

print (£",,SHOES,(matter) :,,,{HO_SHOES} km/s/Mpc"
)

print ()

Appendix D: Data Access and Installation

Pantheon+ Data:
The complete Pantheon+SHOES dataset is publicly
available at:

https://github.com/PantheonPlusSHOES/DataRelease
Specific file:
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Pantheon+_Data/4_DISTANCES_AND_COVAR/
Pantheon+SHOES.dat

Python Requirements:

Python >= 3.8
NumPy >= 1.18
SciPy >= 1.5

Install via:

pip install numpy scipy

Runtime:

Each test completes in 10-35 seconds on standard hard-
ware (2020 MacBook Pro, M1 chip). Total runtime for
all three tests: <2 minutes.

Reproducibility:

All results in this paper can be independently verified
by running the provided Python scripts on the public
Pantheon+ dataset. No proprietary software, data, or
computational resources required.
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