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This document provides a rigorous examination of the Scale-Divergence Problem, a fundamental schism in modern
cosmology that arises from the antithetical performance of the two leading theoretical frameworks—Lambda Cold
Dark Matter (ACDM) and Modified Newtonian Dynamics (MOND)—across different physical scales. ACDM
achieves remarkable success in explaining cosmological observations (Cosmic Microwave Background, large-scale
structure) but encounters significant challenges at galactic scales (cusp-core problem, radial acceleration relation).
Conversely, MOND provides a simple, parameter-minimal explanation for galactic dynamics but fails
catastrophically at cosmological scales and in galaxy clusters. This analysis systematically evaluates the theoretical
foundations, observational successes, and critical failures of both paradigms. It demonstrates that neither
framework, in its current form, offers a complete and universally consistent description of gravitational phenomena
across all scales. The document further examines emerging hybrid models (such as Superfluid Dark Matter) that
attempt to bridge this schism, and identifies critical observational tests that could resolve this foundational tension.
The resolution of the Scale-Divergence Problem—whether through refinement of ACDM, development of a
relativistic MOND, or emergence of a novel synthesis—represents one of the most profound challenges in
contemporary physics, with implications for our fundamental understanding of gravity, dark matter, and the

evolution of cosmic structure.

1.0

Introduction: A Universe Divided Against Itself

1.1 The

Scale-Divergence Problem: A Foundational Schism

Modern cosmology faces a profound and unresolved schism in its understanding of gravitational phenomena across
different physical scales. This schism, which we term the **Scale-Divergence Problem**, manifests as a
fundamental tension between two competing theoretical frameworks: the Lambda Cold Dark Matter (ACDM)
paradigm and Modified Newtonian Dynamics (MOND). The essence of this problem is that ACDM achieves
remarkable success in explaining cosmological observations but encounters significant challenges at galactic scales,
while MOND provides a simple, parameter-minimal explanation for galactic dynamics but fails catastrophically at

cosmological scales and in galaxy clusters.

This divergence is not merely a matter of incomplete data or insufficient computational power; it represents a
foundational schism in our understanding of gravity, matter, and the structure of the universe. The Scale-Divergence
Problem is characterized by several key features. First, the two frameworks exhibit antithetical performance, with
diametrically opposed domains of empirical success and failure. Second, the frameworks are based on
fundamentally different and mathematically incompatible structures with no obvious path to reconciliation. Third,
the problem forces an epistemological tension, compelling a choice between modifying known physics (MOND)
versus postulating unseen matter (ACDM), which raises deep questions about scientific methodology. The Scale-

Divergence Problem has intensified in recent years due to increasingly precise observational data from both



cosmological and galactic scales. While ACDM remains the standard cosmological model due to its comprehensive
success on large scales, the persistent anomalies on galactic scales have motivated serious reconsideration of

alternative frameworks, including MOND and various hybrid models.

1.2 Scope and Objective of

the Report

This report provides a rigorous, scholarly examination of the Scale-Divergence Problem. Its objectives are to
conduct a detailed analysis of the scientific impasse between ACDM and MOND, avoiding polemical language and
focusing on empirical evidence and mathematical consistency. It will navigate the core principles of both
frameworks with mathematical precision, clarifying their respective assumptions, predictions, and limitations. It
will also synthesize recent research on critical tests and comparisons between the two paradigms across multiple
observational domains. Finally, it aims to identify the most promising pathways toward resolution of this schism,
including potential observational tests and theoretical developments. The central aim is not to advocate for one
framework over the other, but to illuminate critical tensions, identify unresolved questions, and inform future
research directions in gravity and cosmology. This approach recognizes that the resolution of the Scale-Divergence

Problem may require fundamentally new physics that transcends the current dichotomy:.

1.3 Comparative

Overview of ACDM and MOND Paradigms

The fundamental premise of ACDM is that General Relativity (GR) is universally correct and the universe is
dominated by dark energy (A) and Cold Dark Matter (CDM). In contrast, the premise of MOND is that Newtonian
dynamics (gravity or inertia) are modified below a critical acceleration scale of ag ~ 1.2 x 10719 m s72.
ACDM is defined by six primary cosmological parameters (Hy, 5, Qcpu, €25, etc.) plus numerous baryonic
feedback parameters in galaxy formation models, whereas MOND requires only one new fundamental constant (ag)

and an interpolating function ,u(m) that smoothly transitions between Newtonian and modified regimes.

The primary domain of success for ACDM is on cosmological scales, including the Cosmic Microwave Background
(CMB), Baryon Acoustic Oscillations (BAO), and Large-Scale Structure (LSS). MOND’s primary domain of
success is on galactic scales, successfully predicting rotation curves, the Baryonic Tully-Fisher Relation (BTFR),
and the Radial Acceleration Relation (RAR). Conversely, ACDM’s primary domain of failure is on galactic scales,
with challenges like the cusp-core problem, satellite population puzzles, and the emergence of the RAR as a tight
one-dimensional relation. MOND’s primary domain of failure is on cosmological scales, where it cannot explain the
CMB power spectrum, large-scale structure formation, or the dynamics of galaxy clusters like the Bullet Cluster.
This comparative framework establishes the central paradox of the Scale-Divergence Problem: ACDM'’s
cosmological harmony is predicated on a theoretical construct (Cold Dark Matter) that introduces profound galactic
dissonance, while MOND’s galactic harmony is achieved through a modification of gravitational law that leads to

incontrovertible cosmological dissonance.

2.0 Theoretical Foundations

2.1 Lambda Cold Dark Matter
(ACDM)

2.1.1

Fundamental Premise and Mathematical Structure



The Lambda Cold Dark Matter (ACDM) model represents the standard cosmological framework, built upon
Einstein’s General Relativity (GR) with two additional components: a cosmological constant (A) representing dark
energy, and non-relativistic, non-baryonic Cold Dark Matter (CDM). The mathematical foundation of ACDM

begins with the Einstein field equations:
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where G v 1s the Einstein tensor, A is the cosmological constant, gy is the metric tensor, and le is the stress-
energy tensor. For a homogeneous and isotropic universe described by the Friedmann-Lemaitre-Robertson-Walker

(FLRW) metric, the evolution of the scale factor a(t) is governed by the Friedmann equations:
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where p is the total energy density, p is the pressure, and k is the curvature parameter. The energy density
components include contributions from radiation (0 o a74), baryonic matter (pp X a*3), Cold Dark Matter (
PcDM X a_?’), and dark energy (pp = constant). The relative contributions are parameterized as
Qi = pi/Perit, where peris = 3HZ /(8™G) is the critical density.

On galactic scales, ACDM relies on the gravitational dynamics of dark matter halos. High-resolution N-body
simulations predict a universal density profile for virialized halos, most famously the Navarro-Frenk-White (NFW)

profile:

Po
T T 27
E(rz)

where pg is a characteristic density and 75 is a scale radius. The central asymptotic behavior is pPNFW (7’) ~Tr
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as 7 — 0. This predicted “cusp” is a key feature of the model.

2.1.2 Cosmological Successes

ACDM achieves remarkable success in explaining a wide range of cosmological observations. The ACDM model
provides an excellent fit to the CMB power spectrum with only six free parameters, as confirmed by missions like
Planck (Planck Collaboration, 2020). The model also correctly predicts the characteristic scale of Baryon Acoustic
Oscillations (BAO) observed in the large-scale distribution of galaxies, which provides a “standard ruler” to
measure the expansion history of the universe (Eisenstein et al., 2005). Furthermore, the statistical properties of the
cosmic web, including the matter power spectrum and halo mass function, are accurately reproduced by ACDM
simulations (Springel et al., 2005). Finally, the predicted abundances of light elements from Big Bang
Nucleosynthesis (BBN) match observations when using the baryon density determined from CMB measurements,
providing a consistent picture of the early universe (Cyburt et al., 2016). These successes have established ACDM

as the standard cosmological model.

2.1.3 Galactic-Scale Challenges



Despite its cosmological successes, ACDM encounters significant challenges when applied to galactic scales. These
include the Cusp-Core Problem, where simulations predict a central density cusp (p ~ T_l) but observations of
dwarf galaxies indicate a central density core (p ~ constant) (Moore, 1994). Another is the Missing Satellites
Problem, where ACDM predicts orders of magnitude more dark matter subhalos around Milky Way-like galaxies
than the number of observed satellite galaxies (Moore et al., 1999). Additionally, the Too-Big-to-Fail Problem notes
that the most massive predicted subhalos should host the brightest satellite galaxies, but their predicted central
densities are significantly higher than those inferred from observations (Boylan-Kolchin et al., 2011). The Planes of
Satellites Problem arises because satellites of the Milky Way and Andromeda are observed in thin, co-rotating
planes, a configuration highly improbable in ACDM (Pawlowski et al., 2012). Lastly, the observed tight Radial
Acceleration Relation (RAR) presents a challenge to the expectation that dark matter halos should introduce
significant scatter (McGaugh et al., 2016). These challenges have motivated the inclusion of complex baryonic
physics in modern ACDM simulations, transforming the model from a simple, predictive framework to a more
complex one (Naab & Ostriker, 2017).

2.2 Modified Newtonian
Dynamics (MOND)

2.2.1

Fundamental Premise and Mathematical Structure

Modified Newtonian Dynamics (MOND), proposed by Milgrom (1983a, 1983b), offers an alternative to dark

matter by modifying Newtonian dynamics at low accelerations. The core postulate is that Newton’s second law is
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where @ is the observed acceleration, gy = GM / 2 is the Newtonian acceleration due to baryonic matter alone,

modified according to:

ao ~ 1.2 x 1071 m s72 is a fundamental constant, and ,u(x) is an interpolating function. This function has
the asymptotic behavior u(:c) — 1 in the Newtonian regime (z > 1) and ,u(.'I:) — & in the deep-MOND
regime (2 < 1). In the deep-MOND regime (a < ag), this reduces to a®> = gyag, or a = \V/9nag. This
simple relation explains the flat rotation curves of spiral galaxies without dark matter, as for a star in a circular orbit
at radius 7, this yields Vi=GM ap. Thus, the asymptotic rotation velocity becomes constant, matching
observations. MOND can also be formulated as a modified gravity theory (AQUAL) with the modified Poisson

v. [u (@) V@] _ 4G,
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equation:

where @ is the gravitational potential and p is the baryonic mass density.

2.2.2 Galactic-Scale Successes

MOND achieves remarkable success in explaining galactic dynamics with minimal parameters. It naturally predicts
the flat rotation curves observed in spiral galaxies without requiring dark matter (Milgrom, 1983a). It also provides
an a priori explanation for the Baryonic Tully-Fisher Relation (BTFR), the observed M o< V4 scaling between
baryonic mass and asymptotic rotation velocity (McGaugh, 2005). Furthermore, MOND predicts the tight one-

dimensional Radial Acceleration Relation (RAR) between observed and baryonic acceleration, which has been



confirmed observationally with remarkably low scatter (McGaugh et al., 2016). The theory also successfully
predicts the detailed shapes of rotation curves across a wide variety of galaxy types with only the baryonic mass
distribution as input (Lelli et al., 2016). Finally, MOND’s unique prediction of the External Field Effect (EFE),
where the internal dynamics of a system are influenced by an external gravitational field, has recently found

observational support in studies of dwarf galaxies (Chae et al., 2020).
2.2.3 Cosmological and

Cluster Failures

Despite its galactic successes, MOND faces significant challenges on larger scales. In its original non-relativistic
form, MOND cannot explain the CMB power spectrum, as the observed acoustic peaks require a substantial
component of non-baryonic matter (Skordis & Zlosnik, 2020). It also fails to explain the formation and evolution of
large-scale structure without additional components, as the observed matter power spectrum requires dark matter to
provide the necessary gravitational potential wells (Clowe et al., 2006). In galaxy clusters, MOND systematically
underpredicts the gravitational field by a factor of 2-3, requiring additional “missing mass” (Angus et al., 2008).
The Bullet Cluster, a merging cluster system, shows a clear separation between the baryonic mass and the
gravitational potential, providing direct evidence for collisionless dark matter that MOND cannot explain (Clowe et
al., 2004). Lastly, despite decades of effort, no fully satisfactory relativistic extension of MOND has been developed
that can simultaneously explain all these phenomena (Milgrom, 2010). These failures represent a fundamental

limitation of MOND as a complete cosmological theory.

3.0 Observational

Confrontations

3.1 The Cusp-Core Problem

3.1.1

Theoretical Prediction vs. Observational Reality

The Cusp-Core Problem represents one of the longest-standing and most fundamental challenges to the Cold Dark
Matter model. High-resolution N-body simulations of collisionless CDM particles robustly predict a central density
“cusp” where the density profile p(r) diverges as 7~ near the center. For a spherically symmetric mass
distribution, the circular velocity VC(T) is derived from the enclosed mass M (< 7“):

Vf(?“) _ GM(< 7") _ Q/ 47T7“’2p(1"’)d7“’.
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For the predicted NFW cusp, the enclosed mass near the center scales as M (< ’r) ~ 12 yielding a central
velocity profile of Vc(’r) ~ \/F However, observations of dwarf and low surface brightness (LSB) galaxies,
whose dynamics are dominated by dark matter, consistently show a linear rise in the central regions, V}(T) ~ 7.
This observed behavior corresponds to a central density profile that is approximately constant—a “core.” This
represents a clear mathematical contradiction between the predicted and observed velocity profiles in the central

regions of many galaxies.

3.1.2 The ACDM

Resolution: Baryonic Feedback



The standard resolution to the Cusp-Core Problem within the ACDM framework incorporates baryonic physics,
particularly supernova-driven feedback. Modern hydrodynamical simulations demonstrate that rapid, repeated
outflows of gas from the galactic center driven by bursts of star formation can transform the primordial cusp into a
flattened core. The mechanism involves intense star formation driving powerful supernova explosions, which heat
the interstellar gas and cause it to expand outward. This expanding gas creates a time-varying gravitational
potential, and dark matter particles respond to these fluctuations by gaining energy and moving to larger orbits.
Over multiple feedback cycles, the central cusp is gradually transformed into a core, with the size of the resulting

core depending on the star formation history and the efficiency of energy transfer.

3.1.3 Critical Assessment

of the Resolution

While modern simulations demonstrate that baryonic feedback can produce cores, several challenges remain. Early
arguments suggested an energy budget problem, but these were based on a mischaracterization of the process as a
single energetic event rather than a cumulative, dynamical process; state-of-the-art simulations show that the
required energy transfer is plausible (Pontzen & Governato, 2012). However, a more sophisticated “timing
problem” remains, as the rate at which energy must be transferred to dark matter particles depends critically on the
frequency of supernova-driven outflows relative to the dynamical timescale (Kaplinghat et al., 2016). Furthermore,
while simulations can produce cores, the question of whether they do so generically across the full diversity of
galaxy formation histories without excessive fine-tuning of feedback parameters remains a topic of active research
(Naab & Ostriker, 2017). The Cusp-Core Problem thus represents not a mathematical disproof of ACDM but a

significant challenge that has driven the paradigm to incorporate more sophisticated baryonic physics.

3.2 The Radial
Acceleration Relation (RAR)

3.2.1 The Observed

One-Dimensional Law

The Radial Acceleration Relation (RAR) is an extremely tight empirical correlation found in late-type galaxies
between the observed centripetal acceleration (a,}s) and the acceleration predicted from the baryonic mass alone (
Qbar). Data from over 150 galaxies from the SPARC sample show that this relation, Gohs = JF (abar), holds over
four orders of magnitude in acceleration with an intrinsic scatter of less than 0.05 dex (McGaugh et al., 2016). In the
deep-MOND regime (@p,; << @), the relation approaches @ohs = /@bar@p, While in the Newtonian regime (
Apar > Qy), it approaches Aohs X Ahar. A commonly used empirical form of the RAR is:

. Abar

Qobs = ¢
1 _ ef abar/ao

This relation implies that the total gravitational field in a galaxy is almost entirely determined by its baryonic mass

distribution, with very little room for variation from other factors.
3.2.2 The RAR as a Challenge

for ACDM



The RAR presents a significant challenge to the ACDM paradigm. In the standard model, the total acceleration is
the sum of contributions from baryons and dark matter, Gtot = Qbar + apDM. The dark matter component, apm,
depends on the structure of the dark matter halo, described by at least two independent parameters: the virial mass (
M;,) and the concentration (c). Therefore, the total acceleration should be a function of multiple variables,
Aot = f (abar, My, c, . .. ) This suggests that the space of possible relations between a0t and apar should be
a multi-dimensional family of curves, parameterized by the halo properties. The observation of a single, tight, one-
dimensional curve appears to contradict this expectation. The challenge for ACDM is to explain why the multi-
dimensional parameter space collapses onto a nearly one-dimensional relation with such low scatter. Modern
hydrodynamical simulations demonstrate that this emergence can occur due to tight correlations between baryonic
and dark matter halo properties, but the observed scatter is typically 2-3 times smaller than predicted in these

simulations, representing a quantitative tension.
3.2.3 The RAR as a Triumph for

MOND

The RAR represents a direct prediction of MOND. The fundamental MOND relation, M(atot / ao) * Qtot = Abars
can be solved for atot as a function of apar, yielding precisely the observed RAR. The extremely low scatter in the
observed RAR is naturally explained in MOND as a consequence of the theory’s fundamental postulate. This stands
in contrast to ACDM, where the low scatter must emerge from complex correlations between halo parameters and

galaxy formation processes.

3.3 Satellite Population

Puzzles
3.3.1 The Missing Satellites

Problem

Gravity-only simulations predict that a Milky Way-sized halo should contain many hundreds of dark matter
subhalos massive enough to host dwarf galaxies. For the Milky Way, this predicts Nprea /2 500 — 1000 satellites
with mass greater than 107M@. However, the observed number of luminous satellites is only about 50. This
discrepancy is the “Missing Satellites Problem.” The ACDM resolution posits that most low-mass subhalos are dark
because galaxy formation is highly inefficient in them, due to astrophysical mechanisms like reionization and
supernova feedback. Thus, ACDM predicts a large population of dark subhalos, consistent with observations. The
scientific question is whether models of reionization and feedback can quantitatively reproduce the observed

luminosity function of satellite galaxies.

3.3.2 The Too-Big-to-Fail

Problem

The Too-Big-to-Fail Problem focuses on the most massive subhalos predicted by simulations. These subhalos are
too massive to have been completely sterilized by reionization and should have formed the brightest satellite
galaxies. However, the predicted central densities of these massive subhalos are significantly higher than the central
densities inferred from the stellar kinematics of the observed bright satellites. Observations of the brightest satellites
show central densities that are 2-3 times lower than predicted for subhalos with the same maximum circular

velocity. The proposed resolution is again baryonic feedback, where the cusp-to-core transformation mechanism



reduces the central densities of massive subhalos, bringing them into agreement with observations. However, this
solution relies on the same complex feedback physics, and its success across the full range of satellite properties

remains a topic of active research.

3.3.3 The Planes of Satellites

Problem

The satellite galaxies of the Milky Way and Andromeda are not isotropically distributed, as expected from
simulations. Instead, they lie in vast, thin, co-rotating planar structures. The probability of such a configuration
arising by chance from an isotropic distribution is extremely low (P ~ 1073 to 1077). While not a geometric
impossibility, as halos are assembled along cosmic filaments which could lead to correlated accretion, the discovery
of the “Vast Polar Structure” around Centaurus A shows similar planar satellite arrangements in another galaxy
system (Miiller et al., 2018). The probability of such structures occurring in multiple independent systems
significantly increases the statistical tension. The Planes of Satellites problem represents a genuine and powerful

anomaly, representing a ~3-50 tension with the standard model.

4.0

Synthesis and Future Horizons: Pathways to Resolving the Schism

4.1 The

Current Stalemate: A Clash of Incomplete Paradigms

The Scale-Divergence Problem has created a profound stalemate in modern cosmology. ACDM is a comprehensive
cosmological model that provides a satisfactory history of the universe, but on galactic scales, it loses its predictive
power and requires increasingly complex baryonic physics to match observations. Conversely, MOND provides an
elegant, parameter-minimal description of galactic dynamics but fails catastrophically at cosmological scales and in
galaxy clusters. This stalemate reflects a deeper epistemological tension between the two paradigms, with ACDM
benefiting from its status as the standard model, while MOND benefits from its remarkable economy and predictive
success on galactic scales. Both paradigms have evolved to address their weaknesses, but neither, in its current
form, is complete or universally consistent. The central question is whether the complex, baryonic-feedback-
inclusive version of ACDM provides a generic, predictive, and falsifiable model of the universe on all scales, or

whether a fundamentally new approach is required.

4.2 A “Third Way”? The
Rise of Hybrid Models

Given the limitations of both pure ACDM and pure MOND, several hybrid models have emerged that attempt to

bridge the schism by incorporating elements of both frameworks.

4.2.1

Superfluid Dark Matter (SFDM) as a Leading Example

Superfluid Dark Matter (SFDM), proposed by Berezhiani and Khoury (2015), represents one of the most
promising hybrid approaches. In this model, on cosmological scales, dark matter behaves as a standard collisionless
fluid, reproducing ACDM’s successes. On galactic scales, in cold, dense environments, dark matter particles
undergo a phase transition into a superfluid. Collective excitations (phonons) in this superfluid mediate a new, long-

range force between baryons that has MONDian mathematical properties. This framework also explains the cluster



problem, as higher velocity dispersions in “hotter” clusters prevent superfluid formation, causing dark matter to
remain particle-like. SFDM faces challenges, including theoretical complexity and constraints from gravitational
Cherenkov radiation (Berezhiani et al., 2018), but it represents a concrete attempt to unify the successes of both

paradigms.

4.2.2 Other Hybrid Approaches

Several other hybrid approaches have been proposed. **Emergent Gravity** (Verlinde, 2016) proposes that gravity
is not a fundamental force but an emergent phenomenon arising from quantum entanglement, which in certain limits
reproduces MONDian behavior. Superfluid Vacuum Theory suggests that spacetime itself behaves as a superfluid,
with emergent MOND-like behavior at galactic scales. Modified Dark Matter (MDM) proposes that dark matter
properties depend on the environment in a way that mimics MOND on galactic scales (Rodrigues et al., 2018).
These approaches share the common goal of explaining both cosmological and galactic observations within a single

theoretical framework, but all face significant theoretical and observational challenges.

4.3 The Path Forward:

Empirical Arbitration

Resolving the Scale-Divergence Problem will require decisive empirical tests that can distinguish between the
competing frameworks. Three critical frontiers for observational tests are emerging. The first is probing the ultra-
low acceleration frontier, where ACDM predicts that the RAR should “bend” while MOND predicts it should
continue as a simple power law. Upcoming observations from the Vera C. Rubin Observatory (LSST), Euclid, and
the Nancy Grace Roman Space Telescope will test this regime with unprecedented precision (Ivezi¢ et al., 2019).
The second is probing the high-redshift frontier, where ACDM predicts that the RAR should show increasing scatter
at higher redshifts, while MOND predicts it should remain tight. JWST observations of high-redshift galaxies are
already providing data to test this prediction (Roberts-Borsani et al., 2020). The third frontier is probing the particle
nature of dark matter, where direct detection experiments could provide decisive evidence for or against specific
models. Next-generation experiments will continue to probe the particle nature of dark matter, potentially providing
evidence that favors one framework over others (Schumann, 2019).

5.0

Conclusion: An Unresolved Dissonance and the Mandate for New Physics

5.1 Summary of the

Scale-Divergence Problem

The Scale-Divergence Problem represents a foundational schism in modern cosmology, where the two leading
theoretical frameworks—ACDM and MOND—exhibit antithetical performance across different physical scales.
ACDM succeeds cosmologically but is challenged on galactic scales, while MOND succeeds galactically but fails
cosmologically. This schism reflects a deeper tension between modifying known physics versus postulating unseen
matter. The problem has intensified with increasingly precise observational data, which has simultaneously
confirmed the strengths and exposed the weaknesses of both paradigms. Neither paradigm, in its current form, is
complete or universally consistent.

5.2 The Central Unresolved

Question



The central unresolved question is whether the Scale-Divergence Problem can be resolved within the existing
frameworks or whether it points to a fundamental gap in our understanding of gravity and matter. Specifically, can
ACDM, with its increasingly sophisticated baryonic physics, provide a generic, predictive, and falsifiable model of
galaxy formation that explains the observed tightness of the RAR and other galactic-scale phenomena without
excessive fine-tuning? Can MOND be extended to a consistent relativistic theory that successfully explains the
CMB, large-scale structure, and galaxy clusters while preserving its galactic-scale successes? Or does the Scale-

Divergence Problem indicate the need for fundamentally new physics that transcends the current dichotomy?

5.3

Path Forward: Empirical Arbitration, Not Theoretical Preference

The resolution of the Scale-Divergence Problem will come not through mathematical polemics or theoretical
preference but through rigorous empirical arbitration. The next decade promises decisive observational tests that
could finally resolve this foundational tension. These include precision tests of the RAR in the ultra-low
acceleration regime, high-redshift observations to probe the evolution of galactic structure, particle physics
constraints from direct detection experiments, and relativistic tests of gravity in the Solar System and with
gravitational waves. The outcome of these tests—whether they confirm a more complex version of ACDM, a
relativistic formulation of MOND, or a novel synthesis such as hybrid models—promises to reshape the foundations
of cosmology and our understanding of gravity itself. This document has demonstrated that the Scale-Divergence
Problem is not a mathematical disproof of either framework but a profound scientific tension that has driven
theoretical innovation and empirical precision. The resolution of this tension, whatever form it takes, will represent

a major advance in our understanding of the universe.
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