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Abstract

This paper introduces a conceptual framework within Relativity that addresses a systematic omission in 
current galactic modeling: the lack of cumulative per-object time dilation integration. While relativistic 
effects are often assumed negligible at galactic scales, such assumptions derive from local 
approximations and lack empirical validation across the full extent of spiral galaxies. Over hundreds of 
millions to billions of years, even subtle time dilation gradients—arising from variations in 
gravitational potential and orbital velocity—may accumulate to produce long-term kinematic effects. 
Moreover, if these gradients are of greater magnitude than currently assumed, they may also contribute 
to immediate observational anomalies, including distortions in Doppler-based velocity measurements 
and the flatness of galactic rotation curves.

Existing simulations typically evolve stellar systems using a global coordinate time, omitting proper 
time divergence across spatial coordinates. This oversight may obscure temporally integrated 
relativistic effects that subtly shift phase relationships, alter orbital stability, or mimic non-Newtonian 
behavior. The hypothesis advanced here does not aim to replace dark matter or modified gravity 
frameworks but proposes a potentially complementary mechanism—treating time dilation as both a 
cumulative and real-time dynamical factor. By extending Relativity’s operational scope into 
underexplored temporal regimes, this framework invites re-evaluation of stellar system modeling and 
offers a pathway toward reconciling relativistic time structure with observed galactic dynamics.
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Overview

This document presents a two-part theoretical exploration of how relativistic time dilation gradients—
typically assumed negligible, an assumption that has not yet been empirically validated—may exert 
both cumulative and instantaneous influences on galactic and intergalactic dynamics. Grounded in 
Relativity, both parts propose conceptual frameworks intended to motivate deeper analytical modeling, 
observational tests, and numerical simulations. The work applies established relativistic principles to 
regimes that remain empirically untested, and offers a complementary viewpoint to existing 
cosmological models, while also remaining potentially explanatory in its own right. This work also 
outlines multiple falsifiable experimental pathways designed to enable empirical testing of the 
framework. Collectively, these concepts form the basis of what we refer to as Temporal Gradient 
Dynamics (TGD)—a conceptual framework in which relativistic time-dilation gradients play an active 
structural role in galactic and intergalactic dynamics.  

Part I: Time Dilation Gradients and Galactic Dynamics

Part I introduces the central hypothesis: that relativistic time dilation gradients—though often 
assumed negligible—may exert significant dynamical influence both cumulatively over galactic 
timescales and instantaneously within local spacetime environments. It argues that both long-
term proper time divergence and real-time relativistic rate differences, as predicted by 
Relativity, have been prematurely assumed negligible in most current models of stellar 
dynamics. 

The paper addresses a foundational assumption in galactic modeling: that relativistic time 
dilation effects are too small to impact orbital behavior at large scales. It highlights that all 
validated relativistic corrections are derived from Solar System and Terrestrial scale contexts—
markedly different from the vast, low-curvature outskirts of galaxies where no direct 
measurements of time dilation yet exist. Thus, dismissing their relevance without direct 
empirical measurement remains speculative.

Rather than introducing new physics, this work applies established relativistic principles to 
untested regimes—suggesting that both cumulative relativistic drift and instantaneous temporal 
rate disparities may shape stellar motion in significant ways. It calls for both observational and 
theoretical exploration, positioning time—not just mass—as an active structural factor in 
galactic dynamics. 

Additionally, the framework developed in this series offers a relativistic explanatory bridge to 
key empirical successes of MOND. Although MOND was originally formulated as a 
modification of Newtonian dynamics, many of its observational strengths—particularly the 
characteristic acceleration scale a0 and the asymptotic flattening of rotation curves—may 

emerge naturally when relativistic time dilation gradients are treated as active structural 
components of galactic dynamics. By grounding these phenomenological patterns in relativistic 



principles and offering a complementary viewpoint to approaches that modify gravity, while 
also remaining potentially explanatory in its own right, this work provides a potential unifying 
interpretation that preserves the empirical advantages of MOND and the observational 
successes of ΛCDM while maintaining full compatibility with Relativity. 

Part I also briefly considers broader implications, including potential connections to cosmic 
recession, the unexpectedly mature galaxies observed by JWST at high redshift, and timing 
considerations relevant to deep-space navigation. More broadly, Part I carries implications for 
galactic and cosmic-scale modeling, where relativistic time dilation gradients may influence 
interpretations of rotational dynamics, recession behavior, and the apparent early maturation of 
high-redshift systems. Part I concludes by outlining an extensive set of falsifiable experimental 
pathways designed to test the TGD framework. 

Part II: Time Dilation Gradients and Kinematic Deviations in Galaxy Clusters

Part II extends the hypothesis to galaxy clusters, proposing that complex gravitational wave 
activity, overlapping relativistic gravitational fields, and inertial frame asymmetries may 
influence the dynamics typically interpreted solely through dark matter distributions or 
Modified Newtonian Dynamics (MOND). Rather than displacing either framework, this 
approach explores whether additional relativistic effects—particularly in dense, interacting 
systems—could contribute to observed discrepancies. These effects may complement existing 
interpretations by offering an overlooked factor within the standard relativistic framework. 

Part II also introduces additional falsifiable experimental pathways aimed at testing whether 
overlapping relativistic time dilation gradients, gravitational waves, and their potential 
interference patterns contribute measurably to kinematic anomalies in cluster-scale 
environments. Such findings would also carry implications for cluster-scale modeling, where 
relativistic time dilation gradients interacting with overlapping gravitational potentials could 
influence inferred mass distributions and kinematic interpretations. 

Introduction

Modern models of galactic dynamics—whether based on ΛCDM, MOND, or Newtonian N-body 
frameworks—typically rely on the simplifying assumption that time progresses uniformly across all 
spatial coordinates [1]. While practical, this assumption suppresses a key relativistic feature: time 
dilation [2]. Relativistic corrections are generally applied only near compact objects or in specific post-
Newtonian contexts, but they are typically ignored in large-scale simulations of galaxy evolution. In 
such simulations, coordinate time is treated as globally uniform, and proper-time divergence across 
gravitational potentials is neither tracked nor integrated over orbital timescales.



We refer to this divergence as a temporal gradient, or equivalently, a time dilation gradient. That is, it 
represents a gradient in the rate of proper-time flow, or the variation of time dilation across space.

This paper proposes that overlooking such gradients may introduce a systematic blind spot in galactic 
modeling. Specifically, it investigates whether small but persistent relativistic time dilation gradients—
when integrated over hundreds of millions or billions of years—could alter orbital coherence, phase 
relationships, or system-wide kinematic evolution.

To formalize this, we introduce the term Cumulative Time Dilation Gradient Effect (CTDG Effect), a 
conceptual framework describing how the gradual divergence of proper time across a galaxy’s 
gravitational potential well may accumulate into nontrivial orbital distortions over time. For 
convenience, and following usage in earlier internal drafts, this phenomenon has also been informally 
referred to as the Chohan Effect. This effect is not a modification of General Relativity, but rather a 
focused formalization of its cumulative, large-scale implications. While fully consistent with the 
underlying mathematics of GR, the CTDG Effect highlights a specific relativistic dynamic—long-term 
curvature accumulation—that has been underutilized in standard gravitational modeling. It may help 
reconcile anomalies in galactic rotation, gravitational lensing, and long-range trajectory evolution 
through time-integrated relativistic structure. 

The CTDG Effect is presented as a correctional hypothesis: that proper time gradients—though often 
dismissed as negligible—are unmeasured, unmodeled, and potentially consequential. By addressing 
this gap, the CTDG hypothesis invites re-evaluation of galactic simulations and offers testable 
predictions for future modeling and survey-based correlation.

Additionally, this paper explores whether the magnitude of these gradients—and other relativistic 
effects—might reach levels of instantaneous observability, particularly in environments with extreme 
velocity or gravitational potential differentials. 

Unlike many speculative alternatives, this relativistic model is firmly grounded in established physics 
and seeks to enhance—not replace—mainstream paradigms such as ΛCDM, while also offering a 
possible explanatory bridge to MOND’s empirical strengths. 

This relativistic framework—referred to here as Temporal Gradient Dynamics (TGD)— emphasizes 
empirical grounding and testability, drawing from well-established phenomena—including time 
dilation in terrestrial systems, gravitational redshift, and anomalies in galactic orbital dynamics—and 
presenting multiple falsifiable predictions. It is supported by more than a dozen proposed experimental 
pathways to validation or falsification, designed to operate in concert rather than isolation. Together, 
these experiments—spanning both established and novel adaptations of methods such as terrestrial 
Doppler triangulation, orbital clock divergence tests, deep-space time dilation mapping, and 
astrophysical redshift recalibrations— form a coordinated, multi-faceted measurement strategy to 
comprehensively test the framework. This coordinated approach positions the framework not as a post 
hoc reinterpretation, but as a rigorously constructed, empirically anchored advancement in relativistic 
cosmology. 

While fully consistent with general relativity and potentially compatible with ΛCDM, this framework 
introduces targeted refinements that may resolve key discrepancies in large-scale dynamics without 



invoking modifications that conflict with existing observational data. This approach reinforces the 
framework’s relevance and integration within contemporary cosmological discourse. 

Note: Visualizations and graphics included in this work are intended to illustrate relevant scales, 
structures, and phenomena and provide context for the proposed measurements. They complement the 
text and analytical reasoning, rather than serving merely as decorative material.



1 Galactic Orbital Time Scales

Figure 1. The Pinwheel Galaxy (M101): Hubble’s Largest Image of a Galaxy
This high-resolution composite mosaic of M101—created from data taken by NASA’s Hubble Space Telescope
—reveals intricate spiral structures spanning over 170,000 light-years.

As the largest galaxy image ever captured by Hubble, M101 serves as a visual anchor for examining 
gravitational time dilation gradients across galactic disks. The diffuse outer arms, shown in remarkable 
detail, are especially relevant for evaluating relativistic effects over cosmic timescales. Galactic orbital 
timescales refer to the vast durations required for stars and stellar systems to complete a full orbit 
around the galactic center—typically ranging from hundreds of millions to several billion years, 
depending on their distance from the core (see Figure 1 for the galactic disk structure of M101). 

While short-term relativistic corrections—such as those used in satellite navigation systems—are well 
understood, the potential for micro-scale time dilation gradients to accumulate over these extreme 
timeframes has not been rigorously explored within standard models.

While the CTDG Effect is framed in the context of galactic-scale dynamics, the underlying principle of 
cumulative proper time divergence applies equally to smaller-scale systems. Planets orbiting stars, 
moons orbiting planets, and artificial satellites orbiting Earth all experience relativistic time dilation 



gradients—albeit at lower magnitudes. Although such effects have not yet been comprehensively 
characterized in these domains, this framework may indicate that over long durations, measurable 
cumulative deviations may emerge. A later section of this paper proposes specific experimental 
pathways—particularly within the Earth–Moon system and solar orbits—to test for these small-scale 
manifestations of relativistic time divergence. 

2 Cumulative Effects of Time Dilation Gradients

2.1 Terrestrial Relativity Experiments as Baseline

According to General Relativity, time passes more slowly in stronger gravitational potentials. In a 
galactic context, the mass distribution is not uniform, and exhibits nontrivial gradients in gravitational 
potential. Although local time dilation effects are assumed to be negligible across these gradients, they 
may produce a measurable cumulative influence when integrated across the full trajectory of a star's 
orbit.

The plausibility of measurable relativistic effects over large-scale orbits is supported by the Hafele–
Keating experiment, which demonstrated time dilation differentials of –59 nanoseconds (eastbound) 
and +273 nanoseconds (westbound) aboard circumnavigating aircraft—accumulated over just two days 
[3]. These results confirm that even shallow gravitational and velocity-based differentials can yield 
observable discrepancies on short terrestrial timescales. Importantly, this experiment incorporated both 
Special and General Relativity effects, as well as inertial frame considerations, with relativistic 
corrections arising from both altitude (gravitational potential) and velocity (kinematic time dilation). 
By contrast, galactic orbital periods span hundreds of millions of years, across gravitational potentials 
that vary over kiloparsec scales. This suggests that even minute relativistic gradients, when integrated 
over such immense durations, could accumulate into non-negligible deviations. 

To estimate the potential magnitude of this effect, we begin by extrapolating results from terrestrial 
experiments. The Pound–Rebka experiment, which isolated general relativistic effects by measuring 
gravitational redshift over a 22.5-meter vertical separation, observed a fractional time dilation of 
approximately 5.13 × 10 ¹⁵⁻ , corresponding to a time difference of about 5.13 femtoseconds per second 
[4]. Over a 48-hour period—chosen to align with the duration of the Hafele–Keating flights—this 
would accumulate to a total differential of approximately 0.89 nanoseconds. Though small, this result 
remains foundational as a direct and purely general relativistic measurement of gravitational time 
dilation on Earth. 

In contrast, the Hafele–Keating experiment—which incorporated both General Relativity (GR) and 
Special Relativity (SR), along with effects arising from motion in non-inertial reference frames—
recorded a 273-nanosecond time gain aboard the westbound aircraft over the same 48-hour interval. 
This represents a time offset approximately 307 times greater than the GR-only Pound–Rebka result. 
The comparison highlights how even seemingly minor relativistic effects can accumulate significantly 



over time, reinforcing the plausibility of substantial relativistic divergence across the vast durations and 
gravitational gradients of galactic orbits. 

It is also important to note that the altitude of the Hafele–Keating aircraft (typically around 10 km) was 
substantially greater than the vertical displacement in the Pound–Rebka experiment, which involved a 
height difference of only 22.6 meters within Harvard’s Jefferson Laboratory. This disparity highlights 
the enhanced gravitational potential difference experienced by the aircraft, contributing more 
significantly to the GR component of the measured dilation. To isolate the general relativistic (GR) 
contribution from special relativistic (SR) and inertial frame effects observed in the Hafele–Keating 
experiment, a modern analog of the Pound–Rebka experiment could be conducted using a 
geostationary platform—such as a high-altitude dirigible—maintained at comparable altitudes over 
time. By measuring redshift or time differential between such an elevated platform and an identical sea-
level control setup, it would be possible to produce a cleaner empirical assessment of GR-based 
dilation across a height gradient similar to that of the aircraft flights, without the confounding effects of 
lateral velocity or non-inertial motion. This would not only bridge the methodological gap between the 
two landmark experiments, but also help validate long-range extrapolations of gravitational time 
dilation into galactic-scale modeling. The same methodology could be extended to satellite altitudes 
and compared directly to GPS-based relativistic corrections, providing a continuum of gravitational 
dilation measurements across increasing height differentials. 

2.2 Scaling to Galactic Context

Stars in the outer arms of galaxies typically orbit at velocities of approximately 200,000 m/s—about 
900 times faster than the aircraft used in the Hafele–Keating experiment. Combined with the shallower 
gravitational potentials in these regions compared to our position near the Sun, such conditions would 
naturally amplify relativistic clock-rate (proper-time) differences far beyond those measured in 
terrestrial experiments. The magnitude of this amplification cannot be reliably estimated through direct 
linear scaling from Earth-based measurements, as full general relativistic curvature effects and complex 
gravitational potential gradients at galactic scales would need to be considered. 

Nevertheless, the terrestrial results—from Pound–Rebka’s gravitational redshift measurement to the 
combined relativistic shifts recorded in the Hafele–Keating and GPS experiments—already span over 
five orders of magnitude in magnitude over just 48 hours. This strongly supports the plausibility that, 
under the much greater velocities, weaker potentials, and vastly longer durations of galactic orbits, 
cumulative proper-time divergence could be many orders of magnitude larger than anything observed 
in terrestrial settings. 

Taken together, the effects observed under comparatively modest terrestrial differences in gravitational 
potential, altitude, and velocity show that relativistic shifts already span several orders of magnitude 
over short durations. It is therefore not reasonable to assume such contributions negligible when 
extending to galactic and cosmological regimes with far greater distances, stronger potential gradients, 
higher characteristic velocities, and vastly longer integration times. As the analyses developed 



throughout this paper further demonstrate, the assumption of negligibility becomes increasingly 
difficult to defend, and careful relativistic accounting is therefore necessary. 

2.3 Frame-Dependence of Relativistic Effects and Gravitational Potential Variance

It is important to note that the Pound–Rebka experiment measured only the gravitational component of 
time dilation (GR), while the Hafele–Keating results incorporate both gravitational (GR) and kinematic 
(SR) contributions, along with the influence of the aircraft's directional motion relative to the rotation 
of the Earth. 

Given that the westbound Hafele–Keating result was 307 times greater than the extrapolated Pound–
Rebka effect—despite the aircraft traveling at only ≈ 250 meters per second—and that stars in galactic 
disks orbit at velocities reaching 200,000 meters per second and greater, with vastly different 
gravitational potentials and time dilation profiles in outer galactic regions, this comparison indicates a 
high likelihood that the relativistic effects may be significant.

Considering the vastly greater distances from the central supermassive black hole (SMBH) in a galaxy
—compared to the separation of GPS satellites from Earth’s surface or the 22.5 m vertical displacement 
in the Pound–Rebka experiment—and the correspondingly weaker gravitational potentials in those 
regions, the actual cumulative proper-time divergence is expected to be many orders of magnitude 
greater than terrestrial measurements. From our observational frame at ≈ 8 kpc from the galactic center, 
such divergences would be assessed relative to our own gravitational potential and reference frame 
when examining the outer regions of galaxies where stellar velocities depart from Newtonian 
expectations. In this context, the observed kinematic anomalies in these low-potential regions are 
interpreted through the lens of our local frame, meaning that both velocity differences and proper-time 
lapse gradients contribute to the apparent deviations. 

Illustrative scale example: If, purely for scale, one assumes a 10-orders-of-magnitude (10¹ )⁰  
amplification relative to the 48-hour Pound–Rebka baseline, the implied accumulation over a 250-
million-year orbital period would be ≈ 1.29 × 10⁴ (12,876) years of proper-time offset. This figure 
assumes linear accumulation from the 48-hour benchmark and is presented only to illustrate how 
quickly orders-of-magnitude scaling can grow; a rigorous prediction requires full GR integration along 
stellar geodesics. 

While this figure may appear substantial, it remains highly conservative compared to the relativistic 
time dilation magnitudes observed in terrestrial experiments, as will be examined in the following 
sections. If similar relativistic scaling persists across galactic distances—such as between solar systems 
and the central supermassive black hole (SMBH)—then both the spatial separations and the 
corresponding gravitational potential differences, which exceed terrestrial altitude measurements by 
many orders of magnitude, suggest that cumulative time divergence on the order of hundreds of 
thousands, or even millions, of years would not be unexpected. 



Such divergences should be understood as relative to the specific observational location and reference 
frame of any measuring system—including both ground-based and space-based instruments. It is 
important to clarify that this is not relative to the local proper frame of the Sun, nor to any co-moving 
galactic coordinate system. The divergence is specifically tied to the observer’s frame, as all time 
dilation effects—whether gravitational or velocity-based—manifest relative to the precise location and 
motion of the observing system. For the most accurate modeling and interpretation, the observer's exact 
frame of reference must be explicitly defined. 

This extrapolation serves a conceptual purpose, illustrating how seemingly minor relativistic effects 
may accumulate significantly when projected across galactic timescales. It relies on a linear, first-order 
scaling framework, omitting higher-order curvature dynamics and nonlinear spacetime distortions that 
would be present in a full general relativistic treatment. While such simplifications are useful for 
conceptual exploration, a complete treatment would ultimately require nonlinear relativistic corrections 
and full integration across dynamic gravitational potentials. For a rigorous analysis, one would need to 
numerically integrate proper time along the actual geodesics of stellar orbits within a detailed model of 
the Milky Way’s gravitational field. Only such a treatment can yield quantitatively accurate predictions 
about relativistic divergences accumulated over galactic timescales. 

This conservative estimate is grounded in Newtonian gravitational potential scaling, where the 

potential  Φ= − G M
r

, where G is the gravitational constant, M is the central mass, and r is the radial 

distance from the mass center. In the Milky Way, the gravitational potential near Earth—located           
≈ 8 kpc from the galactic center—is significantly deeper than in the outer arms (≈ 20–25 kpc). 
Assuming a roughly spherical mass distribution within the solar radius, the enclosed mass beyond this 
region increases slowly, while radius continues to grow, leading to a flattening potential. Empirical 
models of galactic mass distributions and gravitational potential curves (e.g., from galpy or 
MWPotential2014 models) show that the potential at ≈ 20 kpc is approximately 8–12 times shallower 
than at the solar radius (‘empirical’ here meaning parameterized models fitted to observational data, 
though not directly measured). Thus, the assumption of a 10× weaker potential is consistent with 
widely used galactic potential profiles and may understate the true divergence in regions of ultra-low 
mass density. 

Over a standardized 48-hour period, the Pound–Rebka experiment—which measured gravitational time 
dilation across a 22.5-meter elevation difference—implies a cumulative time shift of approximately 
0.89 nanoseconds, based on a measured redshift of 5.13 femtoseconds per second, corresponding to a 
net fractional frequency shift of −(5.13 ± 0.51) × 10 ¹⁵ [4]. ⁻

In contrast, the Hafele–Keating experiment observed a +273 nanosecond time gain (westbound) aboard 
circumnavigating aircraft over a similar time frame, an effect 307 times larger than the extrapolated 
Pound–Rebka result. Meanwhile, the Global Positioning System (GPS) requires continuous relativistic 
corrections totaling approximately 76,000 nanoseconds/76 microseconds (76 μs) every 48 hours to 
maintain synchronization between orbiting satellites and ground-based atomic clocks. 

This figure arises from the combined effects of gravitational time dilation (+45 μs/day) and kinematic 
time dilation (−7 μs/day), resulting in a net relativistic correction of +38 μs/day for each GPS satellite 



[5]. Over 48 hours, this amounts to approximately 76 microseconds (76,000 nanoseconds). 
Accordingly, the GPS correction is 85,393 times greater than the extrapolated Pound–Rebka effect 
(0.89 ns over 48 hours) and approximately 278 times greater than the Hafele–Keating westbound time 
shift (273 ns over 48 hours). 

These results span five orders of magnitude, underscoring the immense scaling potential of relativistic 
effects even within Earth’s relatively weak gravitational field. When this progression is extrapolated to 
galactic environments—where gravitational wells like Sagittarius A* are many orders of magnitude 
deeper, and stellar orbital velocities far exceed terrestrial speeds—the case for measurable cumulative 
relativistic time dilation over galactic timescales and distances becomes substantially reinforced. Such 
effects may offer previously overlooked contributions to large-scale kinematic anomalies without 
invoking new physics. 

For additional context, applying a more conservative scaling to the Global Positioning System (GPS) 
48-hour relativistic correction of 76 μs—based on the combined gravitational and kinematic time-
dilation effects between satellites and ground stations—also produces a substantial result. If this GPS 
baseline were amplified by five orders of magnitude (10⁵) and extended over a 250-million-year orbital 
period, the cumulative proper-time offset would be on the order of 1.10 × 10⁴ (≈ 10,995) years. This 
secondary example, while deliberately more modest than the 10¹  Pound–Rebka scaling, reinforces the ⁰
point that even relatively small terrestrial time-dilation measurements, when magnified by plausible 
scaling factors and integrated over galactic timescales, can yield offsets measured in millennia. 

For illustrative purposes only, scaling the GPS 48-hour relativistic correction (76 μs) by six orders of 
magnitude (10⁶) and integrating over a 250-million-year orbital period yields a cumulative proper-time 
offset of ≈ 1.10 × 10⁵ years (≈ 110,000 years). Increasing the scaling to seven orders of magnitude (10⁷) 
produces ≈ 1.10 × 10⁶ years (≈ 1,100,000 years), or about 1.1 million years of offset. While still 
conservative compared to the extreme potentials and velocities in galactic outskirts, divergences on the 
order of 10⁵–10⁶ years may already be sufficient to begin contributing to the kinematic deviations 
observed in rotation curves and other outer-disk anomalies. In some contexts—particularly in regions 
with the weakest gravitational potentials or the largest velocity differentials—tens or even hundreds of 
millions of years of cumulative divergence may be feasible, underscoring the importance of including 
these effects in large-scale dynamical models. 

It is important to note that the relativistic corrections applied in the GPS system are calculated relative 
to a non-rotating Earth-Centered Inertial (ECI) frame, with its origin at the center of the Earth. This 
contrasts with the Hafele–Keating experiment, which measured time dilation relative to sea-level 
clocks fixed on Earth's rotating surface. As such, GPS comparisons are made against an idealized 
inertial reference, while Hafele–Keating reflects the perspective of an observer embedded in Earth's 
rotating, non-inertial frame. These baselines are not directly equivalent, but are presented here to 
illustrate the relative magnitudes of relativistic effects across different terrestrial gravitational and 
kinematic gradients. 

This steep and continuous decline in gravitational potential, as demonstrated by empirical terrestrial 
experiments, strongly implies the existence of a corresponding—and potentially significant—time-
dilation gradient across galactic radii, particularly between the dense inner-core regions and the 



sparsely populated far-halo. Such gradients warrant direct investigation, as they may contribute 
significantly to long-term cumulative relativistic offsets—and potentially to real-time instantaneous 
relativistic effects—offering valuable insight into the origin of observed kinematic anomalies. 

This may indicate that stars orbiting in such low-potential regions could experience significantly more 
proper time—by hundreds of thousands, or millions of years—over a single galactic revolution 
compared to reference clocks in stronger gravitational wells. Importantly, this effect requires no exotic 
physics: it is a direct extrapolation from well-tested relativistic principles. Such temporal asymmetry 
may influence observable stellar dynamics and contribute a cumulative bias that may affect our 
interpretation of long-term orbital structures in galaxies.

It’s important to note that this estimate assumes an idealized scenario based solely on the gravitational 
influence of the supermassive black hole, excluding the enclosed galactic mass. In reality, the total 
gravitational potential at larger radii is significantly shaped by the cumulative contribution of 
distributed mass components. While a full treatment would incorporate these effects, the central-mass-
only approximation serves as a useful first-order framework—while still neglecting mass distribution, 
inertial frame effects, and relativistic orbital dynamics.

Under general relativity, clocks in shallower gravitational potentials tick faster, with the rate of time 
dilation scaling approximately as Φ/c2. Across galactic distances—spanning tens of kiloparsecs—and 
over orbital timescales of hundreds of millions of years, even modest relativistic gradients can lead to 
significant divergences in accumulated proper time. However, the implications are not limited to long-
term effects alone. Because orbital velocities and gravitational potentials vary continuously with radius, 
the relativistic structure of spacetime may also produce instantaneous contributions to the observed 
kinematics of stars—subtly altering their apparent velocities or trajectories when measured from a 
deeper potential frame.

These frame-dependent effects, arising from both gravitational and special relativistic time dilation, 
suggest that relativistic gradients may play a dynamically active role in shaping the velocity structure 
of galactic disks. While further modeling is needed to assess their quantitative impact, such effects may 
complement existing interpretations based on dark matter or modified gravity—or, depending on their 
cumulative influence, offer explanatory power in their own right. Either way, incorporating these 
relativistic considerations presents a physically grounded and underexplored avenue for reexamining 
rotation curve anomalies within the established framework of relativity.

These projections, grounded in extrapolations from terrestrial relativistic experiments, empirically 
support the plausibility of the Cumulative Time Dilation Gradient (CTDG) as a contributing factor to 
galactic-scale dynamics. Although relativistic deviations over short baselines on Earth are subtle, their 
scaled analogs—spanning kiloparsecs and amplified by both sustained orbital velocities and attenuated 
gravitational potentials—may give rise to substantial cumulative divergences in proper time. Should 
these effects surpass the thresholds assumed by Newtonian or locally-constrained relativistic models, 
they could help account for certain anomalous features in observed galactic rotation curves. As such, 
both instantaneous contributions and long-term relativistic accumulations should be considered viable 
and potentially complementary mechanisms in galactic kinematics, meriting deeper theoretical and 
computational integration in future models. 



2.4 Speculative Scaling Thought Experiment: Extrapolating Relativistic Divergence

While illustrative rather than predictive, the following thought experiment demonstrates how even 
modest relativistic effects—scaled across galactic distances and durations—could accumulate 
significantly. Suppose stars in the outer galactic disk experience relativistic effects on the same order of 
magnitude as the ratio between GPS corrections and the Pound–Rebka result, approximately 85,393×. 
Applying that factor to GPS corrections (which already total ≈76 μs per 48 hours), this would imply a 
relativistic time offset of ≈3.16 seconds per day, or ≈1,184 seconds per year (≈19.22 minutes). Over a 
250-million-year orbital timescale, the resulting cumulative proper-time divergence would be 
approximately 9,389 years.

The large difference in extrapolated magnitudes between the two scaling approaches—the smaller 
value obtained by projecting the GPS ground-to-satellite relativistic offset and the much larger value 
produced by extrapolating the fractional gradients measured in the Hafele–Keating and Pound–Rebka 
experiments—highlights a critical fact: the true scale of cumulative relativistic divergence across 
galactic potentials is empirically unknown. These divergent outcomes do not represent a contradiction 
but rather demonstrate that, in the absence of direct astrophysical measurements, any assumptions of 
negligible cumulative relativistic influence remain unverified. The GPS-normalized extrapolation 
therefore serves as a conservative lower bound. 

This estimate remains highly conservative, given that the altitude difference between the Pound–Rebka 
experiment and GPS satellites is negligible compared to the vast distances between our solar system 
and the outer galactic disk—precisely where Newtonian predictions begin to fail. If gravitational 
potentials in those regions are conservatively assumed to be ten times weaker than those near Earth, 
relativistic time dilation could proportionally increase, yielding as much as ≈93,900 years of divergence 
over a full orbital cycle. 

Given that stars in the Milky Way typically orbit at velocities exceeding 200,000 m/s—orders of 
magnitude faster than GPS satellites—the associated relativistic time dilation effects may be further 
amplified, especially when integrated over galactic timescales and extended gravitational gradients.

Given the extreme disparity in both scale and velocity between terrestrial experiments and galactic 
structures, this hypothetical extrapolation likely underestimates the actual effect. The cumulative 
divergence could plausibly reach hundreds of thousands—or even millions—of years. Should this be 
the case, such large-scale relativistic offsets could meaningfully contribute to observed deviations in 
stellar orbital velocities and broader galactic dynamics. These possibilities are explored further in 
subsequent sections.

While this extrapolation is illustrative and based on simplified relativistic assumptions, it aims to 
highlight how even modest effects could become scale-amplified across galactic orbital durations. 
Specifically, it operates under a first-order linear approximation—applying direct scaling of known 
relativistic effects without accounting for higher-order curvature terms or nonlinear geodesic 
deviations. While such simplifications are useful for conceptual exploration, a complete treatment 



would ultimately require nonlinear relativistic corrections and full integration across dynamic 
gravitational potentials. 

2.5 Directional and Orbital Asymmetries

In addition to the special and general relativistic contributions previously outlined, the orientation of 
stellar motion within the rotating galactic reference frame introduces yet another layer of complexity. 
The Hafele–Keating experiment famously demonstrated that aircraft traveling westward—against 
Earth's rotation—experienced greater proper time than those flying eastward, due to inertial frame 
velocity differences. This directional asymmetry hints at a potential galactic analog: stars co-rotating 
with the galaxy—as opposed to those in (hypothetical) counter-rotating or eccentric trajectories—may 
accumulate relativistic effects at differing rates. This example is not intended to suggest the plausibility 
of widespread counter-rotation, but rather to illustrate how asymmetric, non-inertial motion of enclosed 
mass may introduce cumulative divergences in proper time across the system. Such variation could 
introduce an additional layer of directionally induced time lapse, offering yet another lens through 
which to refine galactic modeling applications. 

Over the span of billions of years, these asymmetries may give rise to measurable divergences in stellar 
arrival times, angular phase positions, or velocity profiles—consequences that could subtly influence 
both real-time observations and long-term dynamical modeling. As stellar systems traverse galactic 
orbital timescales, these differences would almost certainly compound, gradually reshaping the phase 
coherence and spatial distribution of stellar populations. 

If the magnitude of such frame-dependent effects proves significant, they may offer more than a 
marginal correction—potentially contributing to, or even helping resolve, the kinematic anomalies 
observed in galactic rotation curves. In this light, instantaneous relativistic contributions emerge not 
only as physically grounded but as a promising avenue for interpreting rotational dynamics in a way 
that complements, or potentially redefines, prevailing models within the framework of established 
relativistic physics. 

While conventional models attribute the flattening of galactic rotation curves to increased enclosed 
mass—primarily dark matter—this interpretation presumes that all observed orbital velocities result 
purely from gravitational acceleration. These inferences typically rely on Newtonian approximations 
derived from general relativity, which emphasize spatial dynamics while effectively sidelining 
relativistic effects such as gravitational time dilation. 

However, if gradients in gravitational time dilation across galactic radii contribute independently or 
synergistically to observed kinematic profiles, then current mass estimations may be systematically 
biased. Although general relativity formally accounts for time dilation as a manifestation of spacetime 
curvature, it is rarely invoked directly in the interpretation of galactic-scale dynamics. Given that 
gravitational time dilation is inherently linked to spacetime structure, any deviation from standard 
expectations—such as those proposed in modified gravity or emergent spacetime frameworks—may 
manifest as anomalous rotational dynamics [6, 7].  This possibility underscores the need for re-



examining observational data through frameworks that do not a priori exclude non-mass-based 
contributions to the apparent dynamical mass, particularly in the low-acceleration regimes 
characteristic of galactic outskirts. 

2.6 Gravitational Redshift and Doppler Conflation

In addition to kinematic and geometric considerations, the role of gravitational redshift warrants 
renewed attention in the context of outer galactic rotation curves. Conventional interpretations assume 
that the redshift of stellar and gaseous emission lines is entirely due to Doppler motion relative to the 
observer. However, if photons emitted from stars in the low-potential outskirts of galaxies undergo 
even modest gravitational redshifting as they climb toward the deeper gravitational well of the Solar 
System, then a portion of the observed redshift may arise from this spacetime gradient rather than 
motion alone. This scenario is conceptually analogous to the Pound–Rebka experiment, which 
confirmed gravitational redshift in Earth's gravitational field over laboratory-scale distances [4]. On 
galactic scales, the accumulated gravitational time dilation between the emitting region and the 
observer could produce measurable spectral effects. If these effects are not properly disentangled from 
Doppler contributions, the inferred orbital velocities of stars in the outer disk could be systematically 
miscalculated. Such a misattribution could distort the inferred rotational dynamics of outer stellar 
systems. This additional relativistic effect introduces yet another layer to an emerging corpus of 
phenomena that urgently warrants deeper investigation. Taken collectively, these compound relativistic 
effects may interact in unexpected, potentially nonlinear ways—further challenging current 
assumptions about the long-term dynamics and observational signatures of galactic systems.  

2.7 Implications for Rotation Curve Anomalies

Considering the cumulative effects of gravitational time dilation, Doppler-redshift conflation, co-
rotational asymmetries, special relativistic contributions, and spatial potential gradients across galactic 
scales, there is growing reason to believe that current models may significantly underestimate the true 
magnitude of time dilation gradients within the galaxy. In particular, relativistic time differentials 
arising from rotational frame dependence—analogous to those observed in the Hafele–Keating 
experiment—suggest that co-rotating, hypothetical counter-rotating, and eccentric stellar systems may 
experience divergent proper-time accrual over galactic timescales [3]. These overlooked relativistic 
contributions may collectively exert significant influence over the long-term dynamical evolution and 
spectral interpretation of stellar populations. A comprehensive reassessment of redshift measurements 
and orbital models—one that explicitly incorporates both gravitational and special relativistic time 
dilation—is therefore essential for a more complete and potentially transformative understanding of 
galactic structure. 



2.8 Perihelion Precession as Empirical Motivation for Relativistic Orbital Corrections

The anomalous perihelion precession of Mercury offers a concrete, well-validated example of orbital 
dynamics requiring relativistic correction. While Newtonian mechanics accounts for most of Mercury’s 
orbital behavior, it fails to explain an additional precession of approximately 43 arcseconds per century. 
General Relativity (GR) precisely predicts this excess by accounting for the curvature of spacetime 
near the Sun. This precedent demonstrates that even in relatively weak gravitational fields and low-
velocity regimes, small relativistic effects can accumulate over time to produce observable deviations.

Mercury’s high orbital speed—approximately 47.87 km/s—combined with its proximity to the Sun, 
subjects it to a significantly deeper gravitational potential well than Earth. In a galactic context, relative 
to our position at approximately 8 kpc from the galactic center, the gravitational potential difference 
becomes even more pronounced in the further reaches of the spiral, where Newtonian predictions 
increasingly deviate from observed orbital velocities. This suggests that relativistic corrections may 
become relevant when such gravitational potential gradients are accumulated over vast distances and 
timescales. 

3 Summary of Compounding Factors Affecting Proper Time in the Outer Galactic Disk

Multiple relativistic factors combine to accelerate the passage of proper time for stars, and our 
perception of velocities in the outer regions of galaxies relative to observers in deeper gravitational 
wells. These include:

1. Lower Enclosed Mass
– In the outer disk, the cumulative enclosed mass is significantly reduced—often several orders 
of magnitude less than that influencing orbits near the galactic center. This results in a weaker 
gravitational field.

2. Increased Radial Distance from the Galactic Center
– Being farther from the supermassive black hole (SMBH) and the inner galactic mass 
concentrations places outer stars in a region of shallower gravitational potential, reducing 
general relativistic time dilation, and from our perspective objects in those regions appear to 
move faster.

3. High Orbital Velocity (Special Relativistic Time Dilation)
– Despite the weaker gravitational field, outer stars appear to maintain orbital velocities often 
exceeding 200 km/s, contributing to special relativistic time dilation effects when observed 
from stationary or inner-disk frames.

4. Directional Motion in a Rotating Reference Frame
– Analogous to the Hafele–Keating experiment, the orientation of motion within the galaxy’s 
rotating disk may introduce additional asymmetries in proper time. Co-rotation vs. counter-



rotation or radial deviation may shift the inertial frame in which relativistic effects are 
registered.

Hypothetically, if these relativistic contributions combine nonlinearly—as is plausible under relativistic 
treatment—the resulting proper-time divergence could further exceed that predicted by linear 
approximations. In this case, stars in the outer galactic disk may not only accumulate more proper time 
per orbit but also appear to move anomalously fast when observed from inner, higher-potential regions 
such as Earth’s frame. This relativistic discrepancy could contribute to the observed galactic rotation 
curves, wherein stellar velocities exceed Newtonian predictions.

These estimates emerge entirely from standard relativistic principles and suggest that long-term time 
dilation gradients may contribute meaningfully to galactic rotation anomalies without invoking new 
physics.

This remains a first-order conceptual estimate, grounded in Earth-based relativistic measurements and 
scaled to galactic dimensions. While it offers a conceptual analogy, the time dilation experienced in 
outer galactic regions is expected to be significantly weaker than near Earth, due to the shallower 
gravitational potentials and gentler curvature gradients at larger radii. As a result, stars in these outer 
arms would accumulate more proper time over a full orbit relative to those deeper within the galactic 
well. This reinforces the hypothesis: that long-term relativistic phase drifts—emerging purely from 
known physics—may meaningfully contribute to galactic rotation anomalies without requiring any 
modification to Relativity. Taken together, these compounded relativistic interactions suggest the 
possibility of additional emergent effects not captured by linear modeling alone. 

4 Relativistic Extremes Across Galactic Structure

This framework emphasizes that relativistic effects within a galaxy span a full spectrum of extremes. In 
the inner regions, strong gravitational curvature and high orbital velocity produce pronounced time 
dilation, significantly slowing the passage of proper time. Conversely, in the outer spiral arms—where 
gravitational potential is shallower and curvature gradients are weaker—proper time progresses more 
rapidly both instantaneously and cumulatively. Over billions of years, this temporal asymmetry may 
yield measurable relativistic phase shifts across stellar populations. 

Importantly, empirical scaling observations may suggest that these relativistic contributions are 
significantly greater than typically assumed. Over long timescales and galactic—or even cosmic—
distances, their combined influence could give rise to effects that manifest as large-scale orbital 
anomalies. These emergent behaviors may resemble those commonly attributed solely to dark matter 
halos or modified gravity, offering a complementary relativistic explanation—potentially a more 
substantial component than standard modeling currently accounts for—grounded entirely within 
Einsteinian physics. 



5 Hypothesis

The combined influence of instantaneous and cumulative relativistic time dilation—arising from both 
General and Special Relativity—along with frame-dependent asymmetries, may produce instantly 
observable kinematic deviations and long-term discrepancies in stellar orbital rates when integrated 
across full galactic timescales. 

This interpretation remains fully consistent with Einsteinian relativity and classical mechanics, 
requiring no modification to gravitational law. Rather, it proposes that even small but persistent 
relativistic effects can accumulate into significant divergence over gigayear durations. If sufficiently 
strong, these effects may also contribute to immediate observational anomalies—such as elevated 
orbital velocities in galactic outskirts—phenomena traditionally attributed to dark matter or modified 
gravity models. 

The TGD framework highlights the potential role of relativistic time dilation gradients in shaping long-
term orbital dynamics—effects that may accumulate gradually but significantly over galactic 
timescales. To visualize this core concept, Figure 2 introduces a schematic model of a spiral galaxy 
overlaid with a hypothetical time dilation gradient shell, offering a conceptual foundation for the 
simulation-based critique developed in the next section. 

5.1 Purpose, Scope, and Falsifiability of the Hypothesis

This hypothesis proposes that relativistic time dilation can produce non-negligible effects—both 
cumulative and instantaneous—across differential temporal gradients at cosmological scales. Most 
cosmological models assume these effects are negligible without any direct measurement. That 
assumption is the very thing being questioned. This constitutes the prediction, and its falsifiability is 
straightforward: If precise astrophysical timing measurements across galactic and intergalactic 
baselines show that the gradients are negligible, then the hypothesis is falsified.
If they show non negligible cumulative and/or instantaneous effects, then the hypothesis is supported.

While direct measurements across galactic baselines are currently infeasible, the experiments proposed 
here use a combination of Solar System measurements, the novel use of Pulsar Timing Array data for 
long-distance comparisons, and a suite of additional experiments, each targeting a slightly different 
aspect of the regime. This multi-faceted approach allows for both practical falsification and estimation 
of relativistic effects over larger distances, providing a robust pathway for testing the hypothesis using 
currently accessible and near-future data.

The approach is rooted in established physics, including first order approximations derived from 
terrestrial experiments and cosmological observational data, which indicate that relativistic effects exist 
and may accumulate over large distances and timescales. The paper does not assume the magnitude of 
these effects; rather, it emphasizes the need for falsifiable experiments to determine whether they are 
negligible or non-negligible.



This conceptual framework is consistent with standard scientific methodology. It frames a falsifiable 
hypothesis, defines measurable quantities, and identifies the observational outcomes that would support 
or refute the hypothesis. By emphasizing the gap in current empirical data, this work encourages direct 
testing rather than relying on unverified assumptions.

Figure 2. Simulated spiral galaxy with time dilation gradient shell.
This is a conceptual illustration rendered in arbitrary units. The gradient shell depicts qualitative variations in 
gravitational time dilation across galactic structure. It is intended solely to visualize the underlying hypothesis 
and should not be interpreted as a quantitative or observational model. The figure does not represent literal 
gravitational potential or metric curvature and does not account for enclosed mass distribution. Rather, it serves 
as a visual metaphor for relative time distortion shells under the proposed framework. 

6 Conventional Modeling Oversight

Current astrophysical and cosmological models generally assume relativistic time-dilation gradients to 
be negligible—a premise that remains empirically untested. This oversight may obscure both 
cumulative and instantaneous effects on galactic and intergalactic dynamics, which our framework 
seeks to investigate. 



6.1 Static Time Assumption in Galactic Simulations

This oversight is conceptually illustrated in Figure 2, which depicts a spiral galaxy encased in a 
hypothetical gradient shell representing variations in gravitational time dilation across galactic 
structure. While not quantitative, the figure visually emphasizes a critical omission in current modeling 
frameworks: the absence of spatially differentiated, time dilation effects in galactic simulations. 

Modern galactic dynamics models—whether based on ΛCDM, MOND, or Newtonian N-body 
frameworks—operate under an implicit but critical assumption: that time progresses uniformly across 
space and does not accumulate asymmetrically within the gravitational structure of galaxies (a choice 
corresponding to a fixed gauge for time slicing and clock synchronization). In these models, 
gravitational time dilation is either neglected entirely or treated as a small, local, instantaneous 
correction, applied only in extreme environments such as near compact objects or relativistic jets.

While General Relativity is widely accepted as the foundational theory of gravity, its application in 
galactic-scale simulations is typically constrained to:

• Initial cosmological conditions (e.g., background expansion metrics)
• Local corrections through post-Newtonian approximations in weak-field astrophysical systems 
• High-curvature regions near supermassive black holes (SMBHs)
• Or analytic derivations not directly coupled to long-term orbital integration

Time itself, however—particularly proper time, which varies as a function of gravitational potential and 
velocity—is not modeled as a dynamical field. In virtually all large-scale simulations:

• Coordinate time (a global, uniform simulation parameter) is used as the evolution axis
• Stars and particles are evolved based on classical or modified gravitational forces
• Proper time divergence across space is not tracked or accumulated per object
• Relativistic time dilation effects are either ignored or treated as localized, “on-the-spot” corrections

Although modern cosmological simulations have increasingly incorporated relativistic corrections, they 
remain limited in scope and resolution when it comes to tracking proper time divergence across 
individual stellar orbits. Codes such as GADGET, REBOUND, RAMSES, Illustris, GIZMO, AREPO, 
and ART typically operate under Newtonian or weak-field approximations, treating time as a uniform 
evolution parameter and neglecting object-level accumulation of relativistic effects. While recent 
developments such as gevolution [1] and GRAMSES [8] have introduced metric perturbation tracking 
and ADM-based relativistic formulations, these frameworks focus primarily on cosmological 
background evolution or large-scale structure formation—not on time integration at the scale of 
individual galactic orbits. As noted in [1, 8], even in GR-aware simulations, temporal structure is rarely 
modeled as a spatially differentiated, dynamically accumulated field. Despite major advances in 
numerical cosmology, no simulation framework to date has systematically modeled the cumulative 
impact of gravitational time dilation gradients at the level of individual objects over gigayear orbital 



evolution timescales [9]. This absence represents both a conceptual and computational blind spot—one 
that the present framework seeks to address. 

6.2 Modeling Assumptions vs. Theoretical and Computational Capacity

This omission is not a theoretical limitation but a modeling assumption, rooted in longstanding beliefs 
about the negligible dynamical impact of relativistic time gradients at galactic orbital scales. While 
computational constraints may have historically discouraged such modeling, current simulation 
platforms are fully capable of assigning and integrating proper time at the object level—making this 
assumption a testable choice rather than a fixed necessity. It reflects a foundational assumption in 
cosmological modeling, where the FLRW metric adopts a constant lapse function—effectively 
assuming a globally uniform rate of coordinate time. This suppresses local temporal variation by 
ignoring proper time differentials within inhomogeneous systems, despite Relativity explicitly allowing 
for such spatial variability [2]. 

Although relativistic effects are frequently assumed to be negligible in modeling galactic dynamics, 
this assumption remains empirically unverified. Both instantaneous time dilation, and cumulative 
gravitational time dilation gradients have not been directly measured across spiral galaxies or galaxy 
clusters. Consequently, their presumed dynamical irrelevance is a modeling assumption grounded in 
theoretical expectation, not an observationally established fact. It is methodologically unsound—and 
scientifically premature—to draw final conclusions about their influence in the absence of targeted 
measurements. The hypothesis advanced here seeks to address this empirical gap by proposing 
measurable consequences of long-term relativistic divergence, inviting observational validation through 
several strategies discussed in later sections. 

While current technology does not yet permit direct mapping of gravitational time dilation gradients 
across entire galaxies, the inability to observe a phenomenon is not grounds for dismissing its potential 
influence. Many now-confirmed phenomena—such as gravitational waves and neutrinos—were 
predicted long before detection. Scientific conclusions must rest on empirical validation, not solely on 
local analytical approximations. Without targeted measurements or integrated modeling of temporal 
asymmetries, claims of their irrelevance remain untested and potentially premature.

6.3 Doppler Measurements vs. Cumulative Relativistic Divergence

It is important to distinguish between Doppler-based velocity measurements—used to infer galactic 
kinematics—and the cumulative relativistic divergence of proper time proposed here. While Doppler 
shifts reflect instantaneous motion, they may not capture integrated temporal asymmetries that 
influence orbital dynamics over gigayear timescales. If these effects are relatively small at galactic 
scales, instantaneous measurements may fail to register them—despite their potential to accumulate 
into meaningful deviations across cosmic durations. 



However, in the absence of modeling frameworks that incorporate accurate gravitational time dilation 
gradients, it remains unknown whether these cumulative effects are relatively minor—on the order of 
thousands to hundreds of thousands of years—or more substantial over billions of years. If the 
underlying magnitude proves sufficient, cumulative relativistic time offsets could reach into the 
million-year regime, at which point their influence might begin to tangibly distort even instantaneous 
Doppler-based velocity measurements.

As a result, stellar orbits—evolving over hundreds of millions to billions of years—may experience 
cumulative relativistic time offsets that subtly alter phase relationships, orbital velocity, or long-term 
coherence, even if imperceptible on shorter timescales. 

6.4 Reframing Time as a Dynamic Participant

This hypothesis opens a novel research direction within Relativity: the systematic investigation of 
cumulative gravitational time dilation gradients as potential contributors to galactic and intergalactic 
dynamics. By explicitly modeling proper time divergence across large-scale structures, this framework 
extends relativistic modeling into a domain that has remained largely unexplored in current 
cosmological simulations. 

It should be noted that empirical measurements of gravitational time dilation gradients across the 
galactic disk in spiral galaxies have not yet been conducted. Consequently, it remains premature to 
dismiss the possibility that these gradients—and their associated relativistic effects—may be several 
orders of magnitude greater than commonly assumed. If such amplification exists, it would not only 
intensify real-time time dilation effects but also significantly enhance their cumulative influence over 
cosmic durations. In that case, relativistic contributions to orbital velocities could serve as a 
complementary factor—or, if measurements confirm sufficient magnitude, even as a potential 
explanatory pathway—for observational phenomena currently attributed primarily to dark matter or 
MOND.

Accordingly, this hypothesis treats gravitational time dilation gradients not as isolated curiosities, but 
as dynamic influences—both instantaneous and cumulative—that may manifest as macroscopic phase 
shifts, orbital drifts, or long-term deviations in stellar coherence across galactic structures. If 
sufficiently strong, these relativistic effects may also distort Doppler-based velocity measurements 
themselves, compounding their potential observational relevance.

The combination of real-time gravitational time dilation and cumulative relativistic divergence 
hypothesized here may partially align with MOND’s empirical success in spiral galaxies. Rather than 
invoking a modification of gravity, MOND’s characteristic acceleration constant might be better 
understood as a threshold where relativistic effects—specifically gravitational time dilation gradients—
become measurable. It could be interpreted as an emergent proxy for large-scale relativistic time 
asymmetry—a possibility explored in detail later in this paper.



This may indicate that MOND’s observational successes reflect an underlying relativistic substrate, 
rather than a departure from Relativity. Similarly, certain aspects of dark matter—typically interpreted 
as evidence of hidden mass—may also reflect, in part, the observational imprint of these same 
relativistic effects, particularly in regimes where gravitational time dilation gradients exhibit high 
variability relative to the observer’s frame. The mechanism proposed here is therefore presented as a 
potentially complementary contribution to both dark matter and MOND frameworks—or, if future 
measurements confirm sufficient magnitude, as an explanatory pathway in its own right for specific 
classes of kinematic anomalies.

To clarify:
Standard ΛCDM and MOND models typically neglect the accumulation of proper time along stellar 
orbits—despite General Relativity predicting such divergence in varying gravitational potentials. They 
also omit time dilation from relative motion (Special Relativity) and frame-dependent effects, treating 
time as a globally uniform parameter.

This oversight can be summarized in the following key points:

• Global Time Assumption: Time is not typically modeled as an evolving, spatially differentiated 
field. It is treated as a global, homogeneous parameter—uniform across the simulation domain 
at each timestep.

• No Per-Object Proper Time Tracking: Proper time accumulation is not computed on a per-object 
basis in N-body or hydrodynamic simulations—such as GADGET, REBOUND, GalPy, 
RAMSES, or Illustris—which generally focus on mass, force, and velocity evolution without 
relativistic time integration. While some frameworks include relativistic corrections—such as 
post-Newtonian approximations or cosmological redshifting—they do not model proper time as 
a dynamically evolving, object-specific quantity over gigayear orbital timescales.

• No Motion-Dependent Time Modeling: Instantaneous and cumulative time dilation from 
relative motion (Special Relativity) is generally not computed along individual stellar 
trajectories. Stellar velocities are tracked for dynamical calculations, but their effect on clock 
rates is not incorporated into temporal modeling.

• No Frame-Dependent or Observer-Based Time Modeling: Simulation frameworks typically 
ignore variations in time accumulation based on the observer’s location or reference frame. This 
limits the ability to interpret relativistic effects relative to any defined spacetime coordinate 
system (e.g., galactic core, Earth-based observer).

• No Inertial Frame Modeling: Accelerations and transitions between reference frames—central 
to relativistic physics—are not explicitly modeled in terms of their effect on local time or clock 
rates. Simulations assume fixed coordinate systems without accounting for non-inertial effects 
or local frame curvature.

• Neglect of Gravitational Time Dilation Gradients: Despite being a direct prediction of General 
Relativity, gravitational time dilation gradients are absent from galactic-scale models as 
dynamic, integrated effects. Both their long-term accumulation, and instantaneous effects across 
spatial potential wells are typically unmodeled.



• No Cumulative Time Dilation Modeling Over Gigayear Scales: Simulations do not model the 
progressive accumulation of relativistic time dilation effects—gravitational or kinematic—over 
the billions of years spanned by galactic orbits. Temporal divergence is not tracked as a long-
term effect. 

• Gravitational Wave Effects Omitted: Current galactic-scale simulations do not account for 
potential relativistic contributions from gravitational wave emission, backreaction, or 
waveform–spacetime coupling. While these effects are likely negligible in isolated stellar 
systems, they may be nontrivial in dense or interacting environments. Their conceptual role in 
proper-time divergence is explored in Part II: Time Dilation Gradients and Kinematic 
Deviations in Galaxy Clusters.

This creates a blind spot in current modeling practices: the relativistic structure of time across a galaxy, 
both instantaneous and accumulated is simply not part of the simulation architecture. Stars are evolved 
by mass, force, and velocity—but not by the differential passage of time they experience depending on 
their position within the galactic potential well.

Thus, standard GR models treat curvature as a geometric effect on space, but not as a system-wide 
mechanism of temporal evolution. This is a technically consistent simplification—but one that may 
obscure both real-time (instantaneous) and cumulative effects that emerge over the vast timescales 
relevant to galactic orbital dynamics. 

This paper challenges the standard assumption of static, uniform time progression in galactic modeling 
by proposing that relativistic effects—both instantaneous and CTDG effects—may play a nontrivial 
role in shaping the dynamics of stellar systems. If these effects are small, their inclusion would refine 
long-term simulations of orbital coherence and phase evolution. 

However, if their magnitude proves larger than currently assumed, they could also contribute to 
resolving observational anomalies such as the flatness of galactic rotation curves. Rather than replacing 
modified gravity or dark matter hypotheses, the framework presented here treats time itself as a 
dynamic participant—one whose differential flow through gravitational potentials may accumulate into 
system-level deviations. These effects are proposed as potentially complementary: aligning with 
MOND’s empirical patterns and potentially coexisting with dark matter, or in some cases offering 
alternate interpretations of phenomena typically attributed to these models. This reframing extends 
Relativity’s practical application into a domain where temporal structure has been theoretically 
acknowledged but computationally neglected. 

7 Implications for Flat Rotation Curves and MOND-Like Phenomena

If relativistic effects are sufficiently strong, they may offer a complementary, or alternative explanation 
for the following phenomena:



• The observed flatness of galactic rotation curves.
• Anomalous velocity dispersions in the outer regions of galactic disks.
• Precession or phase drift in stellar orbital paths beyond predictions from classical models.

While dark matter and alternative frameworks like MOND have been instrumental in interpreting these 
effects, this approach investigates whether cumulative relativistic corrections within Relativity might 
also play a contributory or even explanatory role—particularly when integrated over extended galactic 
timescales. 

This approach remains grounded in Relativity and encourages re-evaluation of standard cosmological 
assumptions by revisiting the role of time dilation not merely as a local correction but as a potential 
driver of system-wide, long-term dynamical deviations. Future work should include quantitative 
modeling of relativistic gradients within galactic potentials and comparison against datasets such as 
GAIA, APOGEE, and galactic rotation profiles. This perspective does not negate dark matter or 
MOND frameworks but invites the possibility that a portion of the observed discrepancies may stem 
from an integrated relativistic effect—underappreciated due to both longstanding assumptions about 
the negligibility of instantaneous time dilation and the vast temporal scales over which such effects 
accumulate. 

Given the alignment between certain MOND-like orbital anomalies and the proposed time dilation 
effects, this framework invites reevaluation of MOND not as a distinct law acting at low accelerations, 
but as a possible emergent behavior resulting from relativistic time asymmetries.

Reinterpreting MOND as an emergent relativistic consequence opens a path to unify anomalous 
kinematics with known physics, offering a testable middle ground between dark matter-centric and 
modified gravity models. 

Although this study is conceptual in nature, its core hypothesis—that gravitational time dilation 
gradients may influence stellar orbital dynamics—falls entirely within the domain of Relativity and is 
therefore, in principle, empirically testable. Several observational and computational strategies may 
offer viable pathways for evaluating this effect across galactic timescales. 

8 Exploring MOND as a Diagnostic Lens for Relativistic Time-Gradient Effects

This section examines whether MOND’s empirical success—accurately modeling over 90% of 
observed galactic rotation curves—can be reinterpreted not as evidence of modified gravity, but as a 
signature of relativistic time-dilation gradients. Rather than replacing dark matter models or altering 
gravitational laws, this exploratory study treats MOND’s characteristic acceleration threshold a0 as a 

phenomenological imprint of spacetime asymmetry—a threshold where persistent relativistic timing 
differentials—both instantaneous and cumulative—may measurably contribute to kinematic patterns 
[10].



In this framework, MOND’s acceleration regime becomes a baseline diagnostic tool, representing the 
critical threshold where an exponential variance in time dilation gradient becomes readily apparent, for 
relativistic time structure, offering a mathematical waypoint for modeling orbital coherence in 
relativistic terms. This reframing preserves MOND’s empirical power while reinterpreting it—not as a 
modification of acceleration behavior, but as a mapping of time-dilation gradients embedded in curved 
spacetime. While MOND was developed as a purely empirical model, its characteristic regularities—
especially the consistency of a0 across diverse systems—may indicate a deeper physical origin that this 

framework attempts to reveal through relativistic dynamics. 

Rather than displacing dark matter or alternative gravity theories, this approach complements them—
integrating relativistic time structure into galactic modeling and offering a unified GR-based 
perspective on longstanding dynamical anomalies.

This reinterpretation keeps MOND firmly within the framework of Relativity and introduces no new 
physics. It preserves Einsteinian dynamics by treating MOND’s empirical threshold as a manifestation 
of relativistic temporal structure, rather than a modification of fundamental laws. 

9 Reinterpreting the Acceleration Constant in MOND as a Relativistic Time-Gradient Threshold

We propose that the effective MOND scale a0 reflects relativistic time-gradient effects rather than a 

universal constant. This section outlines the evidence for context dependence and implications for 
modeling. 

9.1 Variability of a₀ and the Case for Context Dependence

This reinterpretation finds further support in ultra-low-density galaxies, where discrepancies between 
Newtonian predictions and MOND’s acceleration constant a0 emerge most clearly. While the 

widespread success of MOND reflects deep regularities in galactic kinematics, the irregularities—
particularly cases where a0 overpredicts velocities—hint at an underlying mechanism more complex 

than a universal force modification. 

MOND’s defining acceleration scale a0 is typically treated as a fixed empirical constant below which 

Newtonian dynamics break down—usually inferred from the flattening of galactic rotation curves. 
However, empirical data from dwarf and low surface brightness (LSB) galaxies indicates variability in 
the optimal value of a0, raising the possibility that this threshold is not universal but context-dependent. 

Swaters et al. analyze 27 dwarf and LSB galaxies, allowing a0 to vary, and found that lower surface-

brightness systems tend to require a smaller a0—a clear sign of environmental dependence. While 

typical galaxies yield a₀ ~1.2×10 ⁸ cm s ²⁻ ⁻ , lower surface-brightness systems often require significantly 
smaller values—down to about 0.7×10 ⁸ cm s ²⁻ ⁻ , indicating a clear environmental dependence This 



observation supports the interpretation of a0 as an emergent, context-dependent threshold—potentially 

arising from deeper structural or relativistic effects, such as time dilation gradients modulated by mass 
distribution [11].

Del Popolo & Le Delliou (2023) found that galaxies with lower baryonic surface density exhibit 
correspondingly lower effective a0 values [12]. This trend challenges the notion of a singular, rigid 

threshold and implies a physical underpinning shaped by local conditions. It further supports the view 
that a0 is not a universal constant but a variable, relativistic effect emerging from those conditions. 

Banik, Milgrom & Zhao (2018) demonstrated that disk stability within the QUMOND framework is 
highly sensitive to galactic structural features rather than a fixed a0 threshold, reinforcing the view that 

MOND’s effectiveness arises from context-dependent factors. Their structure-dependent trends are 
consistent with our reinterpretation that the effective a0 may be a context-dependent transition at which 

relativistic time-gradient terms overtake the Newtonian contribution to the dynamics [13]. 

9.2 MOND as a Manifestation of Relativistic Time Asymmetry

This proposal grounded in relativistic principles asks: what if a0 does not mark a transition in force 

laws, but instead signals the onset of observable relativistic time-dilation gradients? 

In this reinterpretation, a0 becomes the observational threshold where relativistic timing differentials 

begin to affect measurable orbital coherence from our perspective. This view positions MOND not as a 
modification of acceleration or gravity, but as a phenomenological imprint of time asymmetry across 
galactic scales. The discrepancies in outer disks, where MOND underperforms slightly may indicate a 
spatially evolving dilation gradient, which could be modeled dynamically rather than assumed constant. 
This motivates a closer examination of the assumptions underlying a0’s apparent constancy.

9.3 Relativistic Interpretations & Implications

If MOND’s a0 marks the lower bound where relativistic gradients become non-negligible over 

cosmological distances and durations relative to our observational frame, it durations, it may serve as a 
proxy for the threshold of observable spacetime asymmetry. Beyond this threshold, orbital velocities 
may appear elevated—perhaps not due to new forces, but as a consequence of faster local time passage 
in weak gravitational potentials. This interpretation does not seek to replace dark matter or modified 
gravity theories, but rather to enhance existing frameworks by integrating relativistic time-structure as a 
contributing factor. It offers a potential bridge between MOND’s empirical strengths and the 
established principles of Relativity.

In ultra-low-density galaxies, the gravitational field is so weak that the standard MOND acceleration 
threshold a0 often overestimates the required correction—yet Newtonian dynamics still fall short in 



accounting for the observed stellar velocities. This discrepancy may stem from relativistic time dilation 
effects. In such weak gravitational environments, local time progresses more rapidly relative to 
observers situated in deeper gravitational wells—like those on Earth.

As a result, stars in these diffuse regions, while moving at relatively modest intrinsic (Newtonian) 
velocities, appear to rotate faster when measured from our relativistic frame. This disparity arises from 
reduced gravitational time dilation: the faster ticking of clocks in low-gravity environments amplifies 
the apparent velocity when viewed externally. This relativistic offset explains why these stars exceed 
Newtonian predictions but remain below MOND’s a0-based expectations.

Crucially, this distinction offers insight into the ratio between true Newtonian velocities and 
relativistically apparent velocities—potentially governed by time dilation gradients. By analyzing how 
this ratio varies across mass distributions in ultra-low-density systems, we may uncover new 
constraints for modeling the onset and magnitude of relativistic effects. In this framework, a0 is 

reinterpreted not as a fixed acceleration scale, but as the threshold at which relativistic timing 
differentials begin to measurably affect orbital coherence.

9.4 Time-Dilation Dynamics Across Galactic Structure

• Inner Spiral Regions: Near the galactic center and supermassive black hole, both special 
relativistic time dilation (from high orbital velocities) and general relativistic time dilation (from 
strong gravitational curvature) are significant. Crucially, these two components may interact 
nonlinearly—especially when evaluated relative to an external observer’s inertial frame. This 
interaction may magnify proper time divergence beyond the additive effect of each component 
alone. These integrated distortions form both instantaneous relativistic and cumulative CTDG 
effects when compounded over gigayear timescales, potentially introducing long-term 
dynamical drift between inner and outer stellar populations. Additionally, in proximity to 
supermassive black holes, spacetime may exhibit persistent gravitational wave activity, which 
could contribute to nonlinear distortions in local proper time evolution. While likely secondary 
to the dominant curvature and velocity effects in most contexts, such influences merit further 
investigation in relativistic timing models. 

• Outer Disk Regions: Stars in the outer disk traverse regions of weaker gravitational curvature 
and lower orbital velocity—conditions that result in reduced instantaneous time dilation and a 
more rapid accumulation of proper time. This differential temporal evolution across the galactic 
structure may accumulate significantly, depending on the actual magnitude of relativistic 
gradients, and is further compounded over hundreds of millions to billions of years. Such 
divergence could shift orbital phase relationships, alter long-term trajectories, and potentially 
reproduce the observed flattening of galactic rotation curves originally modeled by MOND—
without requiring modifications to gravitational laws. 



9.5 Using MOND Acceleration Profiles as Proxies for Observable Time-Dilation Thresholds

By interpreting MOND’s empirically derived acceleration scale as the threshold at which relativistic 
time-dilation gradients become observationally significant, we recast a phenomenological tool as a 
diagnostic marker within a relativistic modeling framework grounded in Einsteinian physics. 

• Higher accelerations → stronger GR curvature → slower local time

• Lower accelerations → weaker curvature → faster local time

• Kinematic SR effects further modulate this structure

9.6 Modeling Implications and Necessary Relativistic Considerations

Building on the TGD theoretical framework, this section outlines the specific physical parameters and 
relativistic interactions that must be accounted for in future models. 

To achieve accurate relativistic reconstructions of galactic dynamics within a relativistic framework, 
both general relativistic (GR) and special relativistic (SR) time-dilation effects must be considered 
jointly in both their instantaneous and cumulative forms. Their interaction—especially in regions where 
gravitational and kinematic gradients are steep relative to the observer’s inertial frame—may lead to 
nonlinear temporal divergence. Capturing this compounded effect is essential for precise modeling of 
rotation curves and long-term phase evolution across large-scale cosmic structures. 

Several physical features reinforce this need: 

1. Lower Enclosed Mass
In the outer disk, the cumulative enclosed mass is significantly reduced—often several orders of 
magnitude less than that influencing orbits near the galactic center. This results in a weaker 
gravitational field, further contributing to a higher rate of local time lapse.

2. Increased Radial Distance from the Galactic Center
Being farther from the supermassive black hole (SMBH) and the inner galactic mass concentrations 
places outer stars in a region of shallower gravitational potential, reducing general relativistic time 
dilation. From our perspective, objects in those regions appear to move faster.

3. Orbital Velocity
Although outer stars reside in regions of weaker gravitational potential, they appear to maintain high 
orbital velocities (often >200 km/s) when observed from inner or stationary frames. This appearance 
may be partly illusory—an artifact of faster proper time passage in low-gravity regions relative to the 



observer. The resulting relativistic time dilation differential could make motions appear faster than they 
physically are, which may indicate that some fraction of the observed velocity may stem from 
temporal, not kinematic, asymmetries.

4. Directional Motion in a Rotating Reference Frame
Analogous to the Hafele–Keating experiment, the orientation of motion within the galaxy’s rotating 
disk may introduce additional asymmetries in proper time. Co-rotation vs. counter-rotation or radial 
deviation may shift the inertial frame in which relativistic effects are registered.

These factors collectively highlight how observed stellar velocities—particularly in the outer disk—
may arise from a combination of true kinematic motion and relativistic time asymmetries. Whether 
these effects are minor corrections or substantial contributors remains uncertain, but their inclusion is 
essential for a complete relativistic treatment of galactic dynamics. 

5. Gravitational Wave–Induced Spacetime Modulation
In dynamically evolving systems—particularly during or following cluster mergers—persistent or 
episodic gravitational wave activity may impose significant spacetime curvature modulations across 
extended regions. These effects remain largely unmodeled in current galactic dynamics frameworks but 
may interact nonlinearly with existing relativistic gradients, amplifying or redistributing time dilation 
patterns across large volumes. Such influences are especially relevant near supermassive black holes or 
in regions undergoing active mass redistribution, where the curvature background is far from static. A 
deeper investigation of these effects is presented in Part II: Time Dilation Gradients and Kinematic 
Deviations in Galaxy Clusters.

9.7 Conclusion: From a₀ to Time as a Dynamic Agent

This reinterpretation preserves MOND’s empirical successes while situating its behavior within a 
relativistic framework. Rather than displacing existing paradigms, it suggests that some of the 
kinematic features traditionally attributed to dark matter or modified gravity may also emerge from 
both instantaneous time dilation effects, and the long-term accumulation of relativistic time 
asymmetries. Grounded entirely within Relativity, this framework remains open to the possibility that 
such effects are either complementary to—or possibly explanatory of—the observed phenomena. It 
does not deny the potential validity of dark matter or MOND but instead offers an additional lens 
through which to interpret galactic dynamics. By reframing time as an active, instant and cumulative 
influence, this perspective invites a more nuanced and integrated approach to modeling the structure 
and evolution of galaxies. 

Under the lens of the hypothesis that a0 represents a threshold below which gravitational time dilation 
becomes observationally significant, real-time relativistic effects are expected to be considerably 
amplified—particularly in the outer regions of galaxies where gravitational fields are substantially 
weaker. The updated estimates presented above suggest that cumulative relativistic divergences may 
reach several thousand years per orbit under conservative assumptions, and potentially hundreds of 
thousands to millions of years in extreme cases. These projections indicate that both instantaneous, and 



cumulative time dilation gradient (CTDG) effects may be far more dynamically significant than 
previously assumed, especially across multiple orbital timescales. 

Developed independently, this reinterpretation of a0 as a relativistic time-gradient threshold was later 
situated within the modified-gravity literature probing relativistic departures from Newtonian dynamics
—a broadening investigation that underscores the need to explore all plausible avenues for resolving 
kinematic anomalies. Clifton et al. (2012) survey a wide spectrum—including relativistic MOND 
formulations and time-asymmetric gravitational models—providing context in which the present 
approach offers a relativistically grounded account of galaxy-scale anomalies and their dependence on 
local conditions [14], consistent with observed trends in effective a0 versus baryonic surface density 
[12]. 

Importantly, this approach does not presuppose a wholesale replacement of dark matter; it can operate 
as a complementary component, or—if shown empirically sufficient in magnitude—serve as an 
explanatory mechanism in its own right. 

Even if future measurements show that relativistic time-dilation gradients are too weak to fully account 
for kinematic anomalies—such as the flatness of galactic rotation curves—they may still supply a 
measurable share of the observed acceleration and remain highly relevant in other regimes. In 
particular, long-term orbital modeling over gigayear (Gyr) timescales can benefit from incorporating 
proper-time divergence, improving the fidelity of galactic-evolution simulations and time-resolved 
structural dynamics. Additionally, as humanity contemplates interstellar navigation, even minor 
cumulative relativistic offsets may prove critical across large gravitational gradients. Without direct 
empirical measurements of these gradients across galactic scales, their dynamical relevance remains an 
open question. Targeted observational data are therefore essential—not only for assessing their 
potential contribution to known anomalies, but also for informing next-generation modeling 
frameworks and future spacefaring applications. 

By bridging theoretical possibility and empirical testability, Part I invites researchers to close the gap 
between relativistic principle and cosmic-scale application—transforming time from passive parameter 
to an active agent in galactic dynamics. 

10 Relativistic Extensions to Cosmological Recession Theory

The following section extends the core hypothesis regarding relativistic time dilation gradients to 
cosmological scales. Although developed independently, this interpretation shows notable convergence 
with the peer-reviewed Timescape model proposed by David L. Wiltshire, which has demonstrated 
observational agreement with supernova data [15, 16]. That model shows that apparent cosmic 
acceleration can emerge from cumulative gravitational time dilation between underdense voids and 
overdense wall regions. This conceptual alignment reinforces the plausibility of relativistic time 
gradients as a contributing factor to cosmological observations and invites further investigation within 
the framework of Relativity. 



10.1 Exploring Apparent Superluminal Recession Through Relativistic Time Dilation Gradients 

Figure 3. JWST Deep Field View of Distant Galaxies
This JWST deep-field image captures thousands of galaxies across cosmic time, with many showing strong 
redshifts that indicate both cosmological recession and the apparent acceleration of that recession with distance. 
While usually interpreted solely through spacetime expansion, this paper also considers whether gravitational 
time dilation and proper-time divergence across large-scale structures may contribute to these observed signals.

As seen in Figure 3, the JWST deep-field view offers a dense sampling of galactic structures across 
extreme cosmological distances. While conventional interpretations attribute redshifts in such images 
solely to the metric expansion of spacetime, the TGD framework offers a relativistic lens—wherein 
cumulative gravitational time dilation and proper-time divergence may contribute to both the observed 
recessional signatures and their apparent acceleration with distance. These effects provide a basis for 
reconceptualizing large-scale cosmological dynamics without relying solely on expanding spacetime 
fabric. Rather than displacing expansion-based cosmology, this approach highlights the possibility that 
relativistic temporal structure may play a non-negligible complementary role in shaping large-scale 



observational patterns—and, if shown to be sufficiently significant, could become explanatory in its 
own right. 

Building on the preceding examination of both instantaneous and cumulative time-dilation gradients in 
galactic dynamics, we now extend the question to cosmological distances: whether the same relativistic 
temporal structure might influence the inferred acceleration of cosmic recession.  

While the FLRW metric remains the backbone of standard cosmology, its idealized assumptions of 
perfect homogeneity, isotropy, and uniform curvature omit the very inhomogeneities—voids, walls, and 
gravitational potential gradients—that may give rise to large-scale relativistic effects such as 
differential clock rates. 

Hypothesis:

As galaxies separate over increasing cosmological distances, the overlap of their gravitational 
potentials diminishes. This reduction in shared curvature places each galaxy in a comparatively 
shallower gravitational environment, causing its proper time to accumulate more rapidly relative to 
observers embedded in deeper potential wells. 

While this interpretation remains open to and compatible with the standard cosmological framework, it 
invites a reconsideration of the role that both cumulative and instantaneous proper time divergence 
might play—particularly between gravitationally bound observers (such as those within galaxies) and 
distant, underdense cosmic regions approaching the horizon. This hypothesis does not inherently reject 
existing models but instead emphasizes a deeply underexplored aspect of Relativity that may carry 
significant implications at cosmological scales. 

In standard cosmology, the apparent superluminal recession of distant galaxies is typically explained 
not as motion through space, but as a consequence of an expanding spacetime metric. However, these 
recession velocities may also be interpreted kinematically—as redshifted signals from objects moving 
through a curved and inhomogeneous relativistic spacetime, rather than as a manifestation of metric 
expansion. Special Relativity is not violated, as its constraints apply strictly within local inertial frames, 
not over cosmological distances. This reinterpretation raises a deeper question: could the observed 
acceleration of cosmic recession arise, at least in part, from relativistic divergence in proper time flow
—both instantaneous and cumulative—between observers situated in regions of differing gravitational 
curvature? 

The apparent superluminal recession of distant galaxies is commonly attributed solely to the expansion 
of spacetime itself, as described by the FLRW metric. However, this interpretation, while widely 
accepted within the ΛCDM model, has not been directly confirmed by local or small-scale 
experimental tests. If spacetime expansion were a universally acting physical mechanism, it might 
reasonably be expected to produce measurable effects even within bound systems—such as galaxies or 
solar systems. One would expect, for example, a gradual outward drift in orbital configurations. Yet 
observationally, such systems remain gravitationally stable over cosmological timescales, suggesting 



that metric expansion either does not operate within gravitationally bound systems, or its influence is 
suppressed or absorbed by local curvature. 

A third possibility is that the observed superluminal recession is not solely a feature of expanding 
spacetime or an intrinsic cosmological force, but may also include contributions from gravitational time 
dilation gradients across vast cosmic structures. Unlike the geometric interpretation of metric 
expansion, time dilation is a well-established relativistic phenomenon, empirically validated in both 
terrestrial and astrophysical contexts. If proper time progresses at different rates in underdense regions 
compared to gravitationally bound systems, then the resulting divergence in clock rates—both 
instantaneous and accumulated as galaxies traverse low-density environments—could contribute to the 
observational signature of accelerated recession.

Importantly, the magnitude of both instantaneous and cumulative time dilation effects under conditions 
of cosmological recession and large-scale gravitational gradients may exceed those measurable in 
terrestrial settings by several orders of magnitude, particularly when integrated over billions of years or 
megaparsec-scale distances. This disparity underscores the potential for relativistic effects—long 
considered negligible at cosmological scales—to play a more substantial role in shaping the temporal 
and dynamical behavior of the universe than traditionally assumed.

This interpretation remains fully compatible with the framework of Relativity and suggests that some 
features of cosmic recession may reflect relativistic timing effects.

This perspective shares conceptual ground with the Timescape model proposed by David L. Wiltshire, 
which demonstrates that apparent cosmic acceleration can arise from gravitational time dilation 
between voids and denser regions—without requiring dark energy. Wiltshire’s framework, developed 
entirely within General Relativity, has successfully fit Type Ia supernova data using a variable lapse 
function that accounts for regional proper-time divergence [15, 16].

Wiltshire finds that the apparent onset of acceleration occurs when the void volume fraction reaches a 
critical value f v ≈ 0.59, meaning roughly 59% of the universe’s comoving volume is in voids. At this 

threshold, the dressed deceleration parameter measured by observers in gravitationally bound regions 
qdressed crosses from positive to negative, producing the observational signature of acceleration even 

though the bare universe remains decelerating. This structural threshold is conceptually analogous to 
Milgrom’s MOND acceleration scale a0, where a specific dynamical limit marks a transition between 

Newtonian and modified gravitational behavior. In both frameworks, a fundamental parameter 
separates distinct gravitational regimes with observable consequences. 

This threshold is not merely a theoretical construct but an empirically observed relativistic link between 
two otherwise distinct gravitational frameworks. In the Timescape model, the transition at a void 
fraction of approximately f v ≈ 0.59 is supported by Type Ia supernova fits [15, 16], marking the point at 

which the dressed deceleration parameter, as measured by wall observers, changes sign from positive to 
negative. In MOND, the acceleration scale a0 is independently inferred from galactic rotation curves as 

the dynamical limit separating Newtonian from modified behavior. Despite arising from different   
physical contexts and datasets, both thresholds appear to define fundamental structural scales in 



gravitational theory, hinting at the possibility of a deeper unifying principle underlying the observed 
dynamics of both galaxies and the universe at large.

While no causal link between f v ≈ 0.59 in Timescape cosmology and a0 in MOND has been formally 

accepted by the wider scientific community, their shared role as empirically determined thresholds in 
relativistic gravitational frameworks suggests they may reflect a deeper unifying principle in 
gravitational physics. 

10.2 The Hubble Constant Isn’t Constant

It is crucial to emphasize that the Hubble "constant" is not a true constant in the strict physical sense. 
While it refers to the present-day value of the universe's material recession rate, this parameter 
originated as an empirical correlation discovered by Edwin Hubble in 1929—describing the linear 
relationship between galaxy distance and recessional velocity. Modern cosmology recognizes that this 
so-called constant is actually part of a time-dependent function that evolves in accordance with the 
dynamics of the cosmos.

Present-day observations reveal an accelerating cosmic recession, typically attributed solely to dark 
energy—understood as the driver of spacetime expansion—while potential contributions from 
relativistic divergence in proper time flow remain almost universally overlooked, despite their 
grounding in Relativity and the scale of observational data. 

This evolving recession history implies that the recession rates of distant galaxies must be interpreted 
through a dynamic lens, rather than by a fixed constant. The farther back in time we look, the more we 
sample earlier phases of cosmic recession, which were influenced by different curvature conditions and 
temporal divergence rates. Therefore, any model seeking to explain observed redshifts or the 
distribution of large-scale structure must abandon the assumption of a static recession rate and instead 
account for the continuous evolution of proper time gradients across cosmological distances.

This changing picture implies a significant environmental factor. As galaxies expand outward, they 
enter progressively lower-density regions of space. In these regions, gravitational potentials decrease 
due to reduced mutual gravitational interaction among galaxies. The further they move apart, the less 
their individual gravitational wells influence one another, effectively reducing the cumulative 
gravitational curvature they experience. This environmental gradient compounds the relativistic 
divergence, reinforcing the observation that recession rates increase with distance—not simply due to 
velocity or initial conditions, but as an emergent property of galaxies receding into regions of 
diminished spacetime curvature. 

In the context of time dilation gradients, this reinforces the importance of integrating the relativistic 
history of photon paths and their embedded proper time shifts. A truly frame-consistent model of 
cosmological recession must be built on temporally dynamic grounds—recognizing that the Hubble 
constant is a snapshot of an ongoing and relativistically curved process, not a fundamental invariant of 
the universe.



10.3 Local Cosmic Age

This same logic extends to the notion of the universe’s age. In standard cosmology, the age of the 
universe is treated as a universal quantity—defined as the proper time elapsed since the Big Bang for 
all comoving observers. However, in a relativistic framework shaped by proper time divergence across 
gravitational curvature gradients, this age becomes inherently frame-dependent. Observers in deep 
gravitational wells (like galaxies) experience slower proper time evolution compared to those in 
underdense voids. Thus, what one region of the universe measures as 13.8 billion years of cosmic 
history, another may experience as a longer or shorter temporal duration. This challenges the idea of a 
singular cosmic age and reinforces the need for models that incorporate local temporal structure when 
interpreting the large-scale dynamics of spacetime. 

Observers within gravitationally bound systems—such as the Milky Way—reside in regions of 
significant curvature, embedded in massive galactic potentials that slow local proper time due to 
gravitational time dilation. In contrast, the galaxies that appear to recede at or beyond light speed are 
consistently located near the cosmic horizon, at distances exceeding 14 billion light-years. These 
regions correspond to the most underdense, low-curvature environments in the observable universe—
cosmic voids and frontiers largely devoid of matter. In such regions, proper time advances more rapidly 
relative to observers in stronger potential wells. Thus, when light from these distant sources reaches us, 
it carries the temporal signature of a frame in which time has passed more rapidly, resulting in a 
compounding of both redshift and apparent recession velocity. This redshift effect is conceptually 
analogous to the gravitational redshift confirmed in the Pound–Rebka experiment, where light emitted 
from a region of weaker gravitational potential appears redshifted when observed from a region of 
stronger curvature [4].

Crucially, these observations do not imply actual superluminal motion—which remains forbidden in 
any local relativistic frame—but rather an apparent effect arising from cumulative proper time 
divergence across large-scale variations in spacetime curvature. The magnitude of this divergence 
scales with both distance and gravitational curvature differential, making it most prominent near the 
cosmological horizon—precisely as predicted by relativistic theory.

This has direct implications for galactic dynamics: If relativistic time dilation gradients across weakly 
curved regions can produce the illusion of accelerated or even superluminal recession at cosmological 
distances, then the assumption that such gradients are negligible at galactic scales warrants serious 
reconsideration. The observation of apparent superluminal recession implies that the effects of proper 
time divergence could be several orders of magnitude greater than typically assumed—further 
justifying their investigation at galactic and sub-galactic scales.

While this section explores the conceptual implications and relative scaling of time dilation gradients, it 
does not present a formal mathematical model or quantify their expected magnitudes. Rather, it offers a 
qualitative interpretation grounded in relativistic principles, with partial empirical support from 



independently developed work such as Wiltshire’s inhomogeneous cosmology. The actual strength, 
accumulation, and observational relevance of such gradients—whether across galactic or cosmological 
scales—remain uncertain in the absence of dedicated modeling and empirical verification. Their 
magnitude cannot be assumed without systematic measurement and proper relativistic scaling. The 
forthcoming section, Experimental Pathways to Validation, outlines a framework for such 
measurements, aimed at calibrating the relativistic contributions under investigation and grounding this 
hypothesis in observational data. 

This reinterpretation does not require modifying Einstein's equations, but rather calls for fully applying 
them across both spatial and temporal scales. It suggests that time—differentially stretched and locally 
curved—may exert a significant influence on large-scale structure. If cosmic acceleration itself 
emerges, even in part, from relativistic timing differentials, then galactic anomalies may likewise 
reflect the long-term imprint of uneven temporal flow across gravitational gradients. In this light, the 
architecture of spacetime is not merely shaped by matter, but sculpted by time itself.

10.4 Rethinking the Application of Relativity

This raises a broader conceptual question in cosmology: to what extent the full implications of General 
Relativity—the most extensively validated theory of gravity—have been fully operationalized across 
the largest temporal and spatial scales. While this paper does not reject the frameworks of dark matter, 
dark energy, or metric expansion—each of which provides explanatory power for a wide range of 
observations—it notes that these components are empirically inferred rather than directly detected. 
Because empirical inference does not guarantee uniqueness, multiple explanatory pathways remain, in 
principle, capable of reproducing the same observational signatures. This does not diminish the 
credibility of existing models but highlights the scientific value of assessing whether Relativity-based 
mechanisms may contribute additional explanatory structure. 

In contrast, General Relativity has been empirically confirmed across diverse physical regimes and 
provides a unified geometric framework for understanding gravitation. Because dark matter, dark 
energy, and metric expansion are empirically inferred rather than directly detected, examining whether 
established relativistic effects may also account for aspects of these observational signatures is 
scientifically reasonable where appropriate. This perspective does not question the credibility of current 
models but underscores the value of exploring how relativistic effects—particularly time dilation—may 
participate in the phenomena under discussion. 

Before introducing additional empirically inferred components, it is scientifically prudent to evaluate 
the extent to which established relativistic effects—both instantaneous and cumulative—have been 
fully applied. This includes the contributions of Special Relativity, whose predictions regarding time 
dilation, relative simultaneity, and frame dependence remain essential when interpreting signals across 
cosmological distances and differing gravitational environments. While ΛCDM is built upon General 
Relativity, it typically incorporates relativistic structure at the background-metric level rather than 
through fully resolved per-object tracking of proper-time divergence—a natural consequence of 



modeling large-scale averages rather than individual worldlines. This distinction motivates a systematic 
reassessment of how comprehensively relativistic effects are represented in current modeling 
frameworks. 

Guided by the principle of Occam’s razor, this work suggests that fully operationalizing relativistic 
principles may be a valuable precursor to introducing additional empirically inferred components. This 
is not intended as a critique of ΛCDM, but as a motivation for a clearly structured hierarchy of 
explanatory effort. If relativistic temporal structure contributes even partially to observed phenomena, 
incorporating such effects may refine or enhance existing frameworks without displacing them. 

While this reinterpretation focuses on relativistic time-dilation gradients as a potential contributor to 
apparent cosmic acceleration, it does not inherently conflict with the standard expanding-spacetime 
model. TGD remains fully compatible with the expanding-metric paradigm. Rather than presenting 
Relativity and ΛCDM as competing explanations, this approach considers the possibility that metric 
expansion and relativistic temporal divergence may operate in parallel, each contributing to different 
aspects of observed recession behavior. 

The FLRW metric describes the large-scale evolution of spacetime curvature, while relativistic time-
gradient effects represent local and cumulative temporal asymmetries that may arise within that 
evolving structure. Within this perspective, observed galactic recession may reflect contributions from 
both metric expansion and relativistic proper-time differentials between gravitationally bound 
observers and distant, low-curvature regions. These mechanisms are not assumed to be mutually 
exclusive; relativistic effects are treated as potential complements to the standard model. If future 
quantitative evaluation demonstrates that such contributions are non-negligible, they could provide an 
additional interpretive layer or, if sufficiently significant, an explanatory pathway for specific 
observational signatures. 

Determining the relative contributions of these effects is an open empirical question, dependent on 
detailed modeling and direct measurement. The present work therefore proposes a set of observational 
and simulation-based tests aimed at constraining the magnitude of relativistic time-gradient effects. 
Such tests provide a path toward integrating relativistic temporal structure into cosmological modeling 
in a manner that is both falsifiable and consistent with established physics. Recognizing this possibility 
encourages a more layered interpretation of cosmic acceleration—one in which the temporal 
dimension, shaped by curvature, may contribute dynamically to the universe’s large-scale architecture. 

Note: The preceding section builds on well-established relativistic principles—most notably gravitational time 
dilation arising from evolving curvature fields—but extends them into a broader cosmological context. While 
both the instantaneous and cumulative effects of time dilation are fully predicted by General Relativity, their 
potential to generate large-scale temporal gradients that influence observables such as the Hubble constant has 
not been fully integrated into standard cosmological models. This interpretation, while conceptually rigorous, 
remains underexplored and invites further theoretical and empirical investigation within established relativistic 
frameworks—including parallels with existing inhomogeneous cosmology models such as Wiltshire’s. 

While the cosmic microwave background (CMB) plays a central role in standard cosmological modeling—
particularly as a reference point for early-universe conditions—this study does not seek to reinterpret its origin or 
structure. The present focus remains on the large-scale consequences of relativistic time gradients, regardless of 



the specific mechanisms underlying CMB emission. Broader implications for CMB interpretation may be 
considered in a future analysis. 

Although baryon acoustic oscillations (BAO) are an essential feature of large-scale structure, they pertain 
primarily to the spatial distribution of matter seeded by early-universe physics. Because the present study 
focuses on relativistic time structure and its observational consequences—rather than on matter clustering or 
acoustic propagation—it does not attempt to account for BAO. A distinct mechanism for the origin of BAO, 
involving additional physical processes beyond the current scope, may be presented in a separate work.

11 Speculative Exploration: the Anomalies of Early Structure Formation 

Figure 4. Deep-field composite from the James Webb Space Telescope (JWST), revealing a dense distribution of 
galaxies across vast cosmological distances. Several high-redshift systems exhibit surprisingly large stellar 
masses and morphological maturity—consistent with inferred ages of ≈500–700 million years (≈ 0.5–0.7 Gyr) 
after the Big Bang.



Recent deep-field observations from the James Webb Space Telescope (JWST) have revealed a 
population of unexpectedly massive and morphologically mature galaxies at high redshifts, 
corresponding to an epoch of ≈500–700 million years (≈ 600 Myr) after the Big Bang [17]. These 
early-universe structures extend beyond the expectations of the ΛCDM framework, which predict that 
such galaxies should take significantly longer to accumulate sufficient mass and evolve 
morphologically [18]. While interpretations vary, the existence of these objects raises foundational 
questions about our current assumptions regarding cosmological time progression and structure 
formation rates.

Importantly, while these galaxies are larger and more evolved than predicted for their epoch, they 
remain smaller than the Milky Way and reside in regions of lower gravitational potential relative to our 
local environment. As a result, they would have experienced faster passage of proper time compared to 
more massive structures like our own galaxy. This relativistic context is crucial: it suggests that what 
appears to be premature galactic maturity may partly reflect time dilation effects rooted in the varying 
curvature of spacetime across cosmic environments.

Rather than viewing these discrepancies as falsifications of ΛCDM, they may indicate the presence of 
overlooked relativistic effects within the standard model itself. Both instantaneous relativistic effects 
and the Cumulative Time Dilation Gradient (CTDG) effect offer a novel interpretive lens through 
which to understand these anomalies. While these findings do not overturn the ΛCDM framework, they 
motivate refined interpretations of early structure formation—refinements that may enhance its 
completeness and predictive accuracy in high-redshift regimes. 

Within this relativistic hypothesis, the apparent timing of galactic formation is not solely a function of 
mass assembly rates but is also shaped by the divergence of proper time across varying gravitational 
environments. That is, in regions where gravitational potential gradients and spacetime curvature vary 
sharply, local proper time may have evolved at measurably different rates than coordinate time or the 
observer’s frame of reference. This divergence introduces the possibility that what appears to be a 
structure forming too early may instead reflect a relativistic offset in time perception between 
gravitationally distinct regions.

These relativistic effects—both cumulative over cosmic timescales and instantaneous within local 
spacetime gradients—do not inherently contradict dark matter’s role in large-scale structure formation. 
Rather, they may serve as a second-order refinement layered atop the existing ΛCDM paradigm. If 
validated, this framework could offer a relativistically grounded interpretation of certain observational 
anomalies—such as the early emergence of massive galaxies—helping to reconcile theoretical 
predictions. 

11.1 High-Redshift Galaxies as Diagnostics for Quantifying Relativistic Time Divergence with 
ΛCDM Predictions 

This perspective opens a testable pathway: by leveraging the predictive structure of the ΛCDM 
framework itself. By calculating expected timelines for stellar population growth, gas accretion, and 



morphological development based on ΛCDM parameters, and then systematically comparing these 
benchmarks with the properties of observed high-redshift galaxies, it becomes possible to estimate the 
degree of relativistic timelapse that may have occurred. Specifically, if galaxies observed at redshifts 
corresponding to ≈500–700 million years after the Big Bang exhibit structural and stellar maturity 
levels more typical of systems much older, this discrepancy could reflect not a breakdown of ΛCDM, 
but an offset in proper time accumulation due to differences in gravitational curvature. Such a method 
could yield an approximate quantification of relativistic timing effects—anchored in well-understood 
cosmological models and empirical data—and serve as an indirect observational probe of proper time 
divergence across large-scale cosmic environments. 

Further exploration through relativistic simulations, proper-time mapping, and gravitational potential 
modeling in high-redshift environments is essential. Such work may reveal whether the emergence of 
early massive galaxies is not an outlier to be explained away, but a critical data point pointing toward a 
more temporally nuanced understanding of cosmic evolution.

11.2 Apparent Doppler Amplification from Proper-Time Divergence

While Section 11 explores how divergent proper time in low-gravity regions can make high-z galaxies 
appear more evolved than ΛCDM timelines predict, this subsection examines a related but distinct 
mechanism: the potential for proper-time divergence to create an apparent Doppler redshift component.

In the standard cosmological interpretation, the majority of the observed redshift is attributed to metric 
expansion, with only small corrections for peculiar motion. Within this relativistic hypothesis, however, 
galaxies situated in reduced gravitational potential—whether due to early low mass or because cosmic 
expansion has diminished the overlap of surrounding gravitational potential shells—experience 
significantly faster proper time progression relative to our frame. From our deeper gravitational 
potential, this greater lapse of proper time manifests observationally as if those galaxies were receding 
at a higher velocity, even though the underlying cause is relativistic time-rate disparity, not actual 
motion.

If substantial, this effect could bias redshift–distance conversions by making such systems appear to 
occupy greater cosmological look-back times than they truly do. In other words, part of their high-z 
signature could arise from the observational illusion of increased velocity driven by proper-time 
divergence, rather than pure expansion. This would mean that some galaxies interpreted as residing in 
the very early universe may instead be closer in cosmic time, with their apparent youthfulness partially 
an artifact of how redshift is parsed. Accounting for this effect could help reconcile the maturity of 
certain high-z systems with ΛCDM predictions without discarding the underlying framework.

12 Speculative Exploration: Hypothetical Nonlinear Relativistic Interaction (NLRI) Effects



Building on the preceding discussion of relativistic effects, we propose a more speculative possibility: 
that under certain nonlinear dynamical conditions, special and general relativistic contributions may 
interact in non-additive ways over galactic timescales. 

While special and general relativistic effects are often treated additively under weak-field, short-
duration approximations—as in GPS synchronization protocols—this approach may underestimate 
their full impact when extended across galactic or cosmological scales. General Relativity is inherently 
nonlinear, and in systems with persistent gradients in gravitational potential and orbital velocity, the 
interaction between SR and GR may produce nonlinear outcomes. We define these as Nonlinear 
Relativistic Interaction (NLRI) effects—a class of hypothetical phenomena that may either manifest as 
instantaneous observational deviations or gradually accumulate over stellar orbital timescales or cosmic 
recession durations. Both temporal modes remain viable until further testing determines their respective 
magnitudes and relevance to large-scale time asymmetries.

Although these effects may be modest, this remains to be determined. NLRI effects could contribute 
meaningfully to Cumulative Time Dilation Gradient (CTDG) behavior by amplifying relativistic 
divergence through sustained nonlinear coupling. Stars in low-potential outer galactic regions—moving 
at high velocities for hundreds of millions of years—experience continuous traversal through 
relativistic gradients. In such regimes, the interplay between SR and GR may plausibly exhibit 
behaviors that deviate from purely additive models, subtly influencing clock rates and cumulative 
orbital parameters across galactic timescales.

While the precise magnitude of nonlinear relativistic integration (NLRI) effects remains unquantified, 
they represent a potentially non-negligible variable for consideration in dynamical simulations. Their 
cumulative influence—particularly over kiloparsec-scale trajectories—could affect the temporal 
evolution of galactic systems. These nonlinear behaviors, if substantiated, would likely constitute a 
distinct subcategory within the broader Cumulative Time Dilation Gradient (CTDG) effect hypothesis, 
though their formal classification remains provisional and subject to further theoretical and 
observational validation. 

NLRI effects introduce a plausible nonlinear component to the CTDG hypothesis—potentially 
emerging most prominently in systems with highly eccentric orbits, trajectories that traverse steep 
gravitational potential gradients, or exhibit substantial variability in orbital velocity. Such conditions 
are frequently found in interacting galaxies and dense cluster environments. If validated, NLRI would 
serve as a complementary extension of the CTDG hypothesis’s core thesis: that even small, persistent 
relativistic time dilation effects can accumulate over full galactic orbital durations into measurable 
deviations from Newtonian kinematic predictions.

While CTDG effects are supported by first-order approximations grounded in established relativistic 
principles, NLRI remains a speculative extension. Currently, there are no empirical metrics or validated 
models available to support a quantitative formulation. Its inclusion here is intended to illustrate a 
potential nonlinear amplification pathway under specific dynamical conditions, not to assert confirmed 
behavior. Future work will be necessary to determine whether NLRI constitutes a meaningful 
substructure within the broader CTDG hypothesis. 



13 Future Directions: Implications of Temporal Dynamics for Interstellar Navigation

Conceptual interstellar mission studies, including generation-ship designs such as those proposed in the 
Project Hyperion competition (Universe Today, 2024), illustrate the extreme voyage durations and 
navigation challenges inherent to interstellar travel. While these concepts are typically framed in terms 
of propulsion, life-support, and structural engineering, long-duration missions traversing varied 
gravitational environments would also face relativistic effects. Accounting for these effects—
particularly cumulative time dilation gradients—would become essential to maintaining intercept 
accuracy and trajectory coherence over the full course of the journey. 

Time dilation gradients—both instantaneous and cumulative, such as the Cumulative Time Dilation 
Gradient (CTDG) Effect—have important implications for deep-space navigation across regions with 
varying gravitational potential. If stars in the outer galactic disk accumulate more proper time than 
those in denser inner regions, they are effectively situated in a slightly advanced temporal frame 
relative to inner observers.

Over extended astronomical timescales, this divergence could cause stellar targets in the outer disk to 
advance measurably along their proper-time trajectory relative to systems like our own. If unaccounted 
for, this temporal offset may introduce discrepancies into long-range navigational plotting. Trajectories 
calculated solely in coordinate time could misestimate the destination’s proper-time advancement, 
potentially resulting in compounding errors in intercept timing and course alignment, the magnitude of 
which remains to be quantitatively modeled. 

This scenario presents a testable prediction: relativistic course corrections may become necessary in 
interstellar missions traversing significant gravitational gradients. While likely negligible over short 
distances or timeframes, the cumulative impact of time dilation gradients may become nontrivial over 
galactic scales or evolutionary timescales.

Future navigation frameworks and interstellar simulations may need to incorporate relativistic proper-
time evolution—not just spatial trajectories—to maintain long-range accuracy across dynamic 
gravitational environments.

14 Experimental Pathways to Validation or Falsification

This paper posits that relativistic measurement and modeling remain insufficient in many astrophysical 
analyses. We therefore adopt a phased program: (i) build models across diverse observational contexts, 
(ii) scale them to galactic regimes, and (iii) confront their predictions with empirical datasets. 

This section outlines feasible approaches—both simulation-based and observational—for investigating 
whether instantaneous relativistic gradient effects and CTDG effects contribute meaningfully to 
galactic kinematics. 



While direct measurement of gravitational time dilation across galactic distances remains beyond 
current technological capabilities, the hypothesis advanced here identifies several viable pathways—
using existing simulation tools, astronomical datasets, and extended temporal modeling—for empirical 
investigation. These methods aim to test whether relativistic time dilation gradients, both instantaneous 
and cumulative, could plausibly influence galactic rotation dynamics within the framework of 
Relativity.

Such analysis would not aim to displace dark matter explanations, but rather to investigate whether 
combined relativistic effects contribute a previously unmodeled layer of influence within galactic 
rotation dynamics. These effects could operate as a complementary mechanism alongside dark matter 
or — if empirically shown to account for a substantial portion of the anomalies — as a viable 
explanatory pathway in their own right. This reiteration underscores that the proposed framework 
introduces no new physics—it remains fully within the scope of Relativity and invites empirical 
validation rather than theoretical replacement. 

14.1 Simulating Relativistic Clock Behavior in Galactic Orbits with DSAC-Class Precision

Although atomic clocks cannot yet be distributed across a galaxy, their relativistic behavior can be 
modeled. By assigning time-tracked agents ("clocks") to stellar trajectories in numerical simulations, 
researchers can apply general relativistic corrections based on local gravitational potential and orbital 
velocity. These models can simulate both instantaneous and cumulative (CTDG) effects over galactic 
orbital timescales, potentially revealing phase offsets or orbital drifts that correlate with observed 
galactic rotation profiles. MOND may be used as a dilation gradient approximation in this context, 
though modeling would be further strengthened by incorporating relativistic measurements from within 
our solar system and scaling them to galactic regimes.
While these are simulated clock networks, the real-world development of advanced spaceborne 
timekeeping technology—such as the Deep Space Atomic Clock (DSAC)—demonstrates the precision 
now achievable. According to NASA’s Jet Propulsion Laboratory, DSAC is approximately 50× more 
stable than previous atomic clocks [19]. Unlike traditional radio-based methods, DSAC enables high-
precision, one-way timekeeping without the need for constant two-way communication. By enabling 
one-way radiometric navigation, it significantly increases efficiency, improves timing precision, and 
makes future spaceborne time measurement far more autonomous, accurate, and scalable for deep 
space missions [20]. 

14.2 Kinematic Analysis Using Modern Survey Data

High-resolution datasets from Gaia DR3—with its unprecedented stellar parallax precision [21]—
alongside spectroscopic surveys like APOGEE [22] , LAMOST [23], and VLBI [24], may offer a 
unique opportunity to explore both instantaneous and cumulative relativistic effects in galactic 
dynamics. Gaia’s detailed distance measurements enable precise reconstruction of 3D stellar motions 
across the galactic disk. By integrating this kinematic data with observed mass distributions, 
researchers can develop spatial models of gravitational time dilation gradients. These models can then 



be used to determine whether unexplained deviations in stellar velocities—particularly in the galactic 
outskirts—spatially correlate with regions predicted to experience greater proper time divergence due 
to relativistic effects.  This analysis does not aim to displace dark matter explanations but rather to 
evaluate whether relativistic time dilation contributes a previously underappreciated component within 
galactic rotation modeling. 

14.3 General Relativistic N-Body Simulations

Adapting existing astrophysical solvers (e.g., REBOUND [25], GalPy [26], Einstein Toolkit [27]), to 
include both instantaneous and cumulative general relativistic time dilation terms enables long-duration 
simulations that account for relativistic effects across both dense galactic cores and extended outer 
arms. Incorporating these gradients allows researchers to evaluate whether relativistic time 
asymmetries generate detectable kinematic signatures—such as angular displacement, velocity 
dispersion, or synthetic "clock drift"—that align more closely with observed galactic 
dynamics. Such simulations could clarify whether time-based divergence contributes meaningfully 
alongside gravitational forces to the structure and motion of stellar populations. 

14.4 Long-Baseline and Pulsar Timing Constraints

While no dedicated astrophysical Pulsar Timing Array (PTA) [28] has yet been deployed in space, prior 
missions have demonstrated the essential capability for spaceborne pulsar timing, confirming the 
feasibility of placing PTA-class modules beyond Earth. Examples include NASA’s NICER/SEXTANT 
experiment aboard the International Space Station, which timed multiple millisecond pulsars with 
microsecond precision for autonomous X-ray pulsar navigation (XNAV), and China’s XPNAV-1 
satellite, which performed targeted pulsar timing observations from low Earth orbit to assess navigation 
and timing performance. Although each was a single-station system rather than part of a multi-node 
array, both demonstrated that stable, high-precision pulsar timing can be achieved in space—providing 
the technological foundation for extending PTA architectures throughout the solar system. 

These missions are referenced here as widely recognized demonstrations in the astrophysics and space 
navigation communities; formal citations are omitted for brevity, as their operational details are 
publicly documented in agency mission summaries. 

Pulsar Timing Arrays (PTAs) offer a unique opportunity to test gravitational time dilation gradients 
across the solar system. By comparing the arrival times of pulsar signals against ultra-precise atomic 
clocks located in varied gravitational potentials, it is possible to probe how proper time diverges across 
the solar system’s gravitational field. This method leverages two exceptionally stable reference points: 
the Earth-based PTA clock network and the highly regular pulsar emissions originating far beyond the 
solar system.

In the proposed implementation, both Earth-based PTA stations and spaceborne PTA modules are 
equipped with Deep Space Atomic Clock (DSAC)-class frequency standards. This ensures minimal 



drift between synchronizations and maximizes sensitivity to gravitational time differentials rather than 
clock instability.

The architecture operates in a co-witness configuration, where each spaceborne PTA module:

1. Receives pulsar signals and records precision time-of-arrival (TOA) measurements.

2. Maintains a two-way timing link with at least one Earth-based PTA station via the Deep Space 
Network or equivalent.

3. Maintains a two-way timing link with at least one other spaceborne PTA module located in a 
different gravitational potential.

This dual-link setup ensures that each pulsar measurement is tied both to Earth’s atomic time and to 
another independent atomic clock in space, making it possible to separate errors from clock drift, 
delays in signal travel, and true relativistic time differences. Without both Earth–space and space–space 
timing, the experiment would be reduced to a standard XNAV navigation fix, losing the ability to detect 
and map gravitational time variations. 

Measurement Sequence:

• Synchronized Baseline Initialization: All PTA modules, Earth-based and spaceborne, are 
synchronized to a common time standard before deployment.

• Simultaneous Pulsar Signal Reception: Each module logs TOA data for selected millisecond 
pulsars with well-characterized ephemerides.

• Two-Way Time Transfer: Continuous high-precision clock comparisons between Earth and 
spaceborne PTAs, and between spaceborne PTAs themselves, using DSAC-grade timing 
stability.

• Differential Timing Analysis: Expected propagation delays and kinematic effects are subtracted 
from TOA differences, isolating residuals caused by gravitational potential differences.

Deploying spaceborne PTA modules at multiple heliocentric distances—inner solar orbit, outer planets, 
Kuiper Belt, and beyond the heliopause—would sample a wide range of gravitational potentials. 
Residual timing offsets between co-witness pairs would directly quantify proper-time divergence across 
these baselines, providing a solar-system-scale validation of relativistic time gradient models such as 
the CTDG effect.

The approach scales naturally to interstellar missions, where co-witness PTA modules could maintain 
synchronization over parsec-scale baselines.

14.5 Relativistic Corrections to the Tully-Fisher Relation

BTFR presents a significant challenge to the galaxy-scale implementation of dark-matter halo models, 
suggesting that baryonic mass alone determines rotation velocities with unexpectedly tight precision. 



This behavior may indicate the presence of unmodeled relativistic effects, which could contribute to the 
observed kinematics without modifying General Relativity. Building on this context, a focused 
investigation can explore whether deviations from the BTFR correlate with relativistic time-dilation 
gradients arising from baryonic mass distributions. 

Investigate whether deviations from the baryonic Tully-Fisher relation (BTFR) in certain galaxies 
correspond to relativistic time dilation gradients associated with baryonic mass distributions [29]. This 
approach explores whether spatial variations in gravitational potential—particularly in low-surface-
brightness or extended disk galaxies—could generate relativistic time differentials that influence stellar 
velocities. By incorporating such effects into BTFR modeling, the goal is to determine whether general 
relativistic corrections, grounded entirely in known baryonic structures, might help account for certain 
dynamical anomalies. This investigation does not presume a particular outcome but seeks to 
empirically assess whether incorporating relativistic time structure yields measurable improvements in 
modeling observed galactic behavior. Rather than challenging dark matter or modified gravity 
interpretations, this framework aims to enrich current models by more fully integrating relativistic time 
structure into galactic dynamics.

Using the Baryonic Tully–Fisher Relation (BTFR) as a baseline for modeling relativistic effects may 
help distinguish which portion of galactic rotational behavior arises from relativity, dark matter models, 
or MOND-based models, and may potentially resolve some deviations from either framework’s 
predictions—thereby contributing meaningfully to their refinement—or, if relativistic magnitudes are 
sufficient, be explanatory in their own right. 

This approach does not presuppose the primacy of any single framework—whether relativistic, dark 
matter, or MOND-based—but seeks to empirically clarify where each best aligns with observation. In 
doing so, it invites refinement of these models through comparative integration, allowing data-driven 
convergence where appropriate and meaningful distinction where necessary. 

14.6 Frame-Dragging Signatures from Supermassive Black Holes

Investigate whether orbital precession, asymmetries, or phase shifts in stellar orbits near supermassive 
black holes (SMBHs) reveal persistent relativistic field effects—both within and extending beyond 
localized strong-field environments. While frame-dragging has been experimentally confirmed around 
Earth (e.g., Gravity Probe B [30]), its cumulative and real-time behavior in broader astrophysical 
settings remains observationally unresolved. Instruments like GRAVITY on the VLTI—achieving 
astrometric precision down to tens of microarcseconds [31]—and the upcoming Extremely Large 
Telescope (ELT), projected to deliver images approximately 15 times sharper than those of Hubble 
[32], offer unprecedented capabilities for probing relativistic effects near Sagittarius A* and other 
galactic centers. These tools enable high-resolution observation of orbital dynamics, phase shifts, and 
potential frame-dragging signatures near supermassive black holes. Additionally, comparing dense and 
ultra-sparse galaxies provides a natural testbed for examining how time dilation gradients vary across 
gravitational potentials. 



In sparser systems—where gravitational time dilation is weaker and proper time advances more rapidly
—relativistic contributions may emerge more clearly, less masked by strong curvature or asymmetric 
mass distributions. Notably, the unexpectedly fast rotation observed in many sparse galaxies—while 
often attributed solely to dark matter—may also reflect the influence of greater proper time lapse, 
manifesting both cumulatively and in real-time. These relativistic effects need not contradict dark 
matter models, but may complement them by offering a geometric, time-structured perspective on 
orbital dynamics. Comparing rotation velocities across systems of varying density, using consistent 
mass estimates, could establish a baseline for approximating time dilation gradients—ultimately 
supporting more refined modeling of relativistic behavior in diverse galactic environments. 

14.7 Estimating Relativistic Timelapse from ΛCDM Benchmarks 

One practical validation pathway involves comparing the predicted timelines of stellar and 
morphological development from ΛCDM models with the observed properties of high-redshift galaxies 
in JWST deep-field surveys. Discrepancies in expected versus observed maturity may reflect not a 
breakdown of ΛCDM, but cumulative proper time offsets caused by relativistic curvature gradients. 
This indirect method could provide an empirical estimate of relativistic timelapse magnitude—
anchored in both mainstream models and observational data—offering a feasible calibration point for 
more detailed relativistic simulations to follow. 

14.8 Pound–Rebka 2.0: A High-Resolution Gravitational Time Dilation Gradient Experiment

An advanced extension of the original Pound–Rebka experiment could be realized as an internal 
relativistic gradient sensor embedded within a mobile platform—such as a deep-space probe, high-
altitude balloon, or stratospheric dirigible. By vertically aligning a gamma-ray source and resonant 
absorber along the local gravitational gradient, the system would enable direct measurement of minute 
variations in gravitational redshift as the platform traverses environments with differing gravitational 
potentials.

Most crucially, a spaceborne implementation would allow for the systematic mapping of the Sun’s 
gravitational potential gradient, beginning in the inner solar system—where relativistic curvature is 
strongest—and continuing outward across planetary orbits, past the heliopause, and into interstellar 
space. This trajectory would produce an unprecedented empirical profile of relativistic time dilation 
across the full span of the solar gravitational well, enabling high-precision tests of general relativity 
under dynamic spacetime curvature.

To expand spatial resolution and investigate potential directional asymmetries, a paired system of 
probes could be deployed along solar polar trajectories, extending outward from opposite poles of the 
Sun. This configuration would enable detection of latitudinal variations in time dilation gradients, 
which could reveal anisotropies in the solar potential field, or test for relativistic frame-dragging effects 
induced by solar rotation. By contrasting time evolution between equatorial and polar directions, the 



experiment could deepen our understanding of how gravitational curvature varies across angular 
orientations.

Balloon- or dirigible-based versions could complement this work by performing analogous 
measurements within Earth’s atmosphere, offering a more accessible and reusable testbed for 
relativistic gradient sensing. Across all configurations, the system provides spatially resolved, 
directionally sensitive measurements of time dilation gradients, supporting both fundamental physics 
and deep-space navigation. The ability to track relativistic drift from the solar core to the heliopause 
and beyond, in both equatorial and polar directions, opens a powerful new observational domain for 
understanding the structure of time in gravitational fields.

We can compare these measurements to atomic clock readings at both the transmitter and receiver. This 
will allow us to make direct comparisons of redshift to atomic clock readings. This may help us refine 
our cosmic and galactic redshift readings vs atomic clock dilation rates in scaling applications from our 
solar system to the galaxy and beyond.

To ensure accuracy and probe for potential nonlinearities or hidden variables, the experiment should 
include measurements across multiple vertical baselines. Varying the distance between the gamma-ray 
source and absorber—from sub-meter scales to extended baselines—would enable detection of any 
deviations from the expected linear redshift gradient. Such discrepancies could indicate unmodeled 
environmental effects, instrumental artifacts, or new physical phenomena beyond general relativity. 
This multi-length approach would also refine sensitivity thresholds and confirm scaling behavior across 
different spacetime curvature magnitudes. 

We can compare these measurements to atomic clock readings at both the transmitter and receiver, 
enabling a direct correlation between observed gravitational redshifts and local proper time 
differentials. By establishing this relationship across a wide range of gravitational environments—from 
near the Sun to deep interstellar space—we may develop refined conversion models between redshift-
based cosmological measurements and proper-time dilation rates. This, in turn, could improve the 
accuracy of scale transitions when interpreting time evolution from solar-system contexts to galactic 
and even intergalactic frameworks. 

14.9 Hafele Keating 2.0: A Multi-Altitude Relativistic Time Dilation Gradient Experiment

This proposed experiment, dubbed Hafele–Keating 2.0, reimagines the original 1971 Hafele–Keating 
time dilation study by introducing a novel vertical configuration. In this setup, a fleet of synchronized 
aircraft fly in parallel formation at discrete altitude intervals, each separated vertically by 
approximately 1,000 meters. These aircraft travel along the same horizontal trajectory and at identical 
velocities, replicating both eastward and westward circumnavigations of the globe. This configuration 
is specifically designed to isolate and quantify the effects of gravitational time dilation due to altitude 
variation, enabling a direct comparison of proper time experienced at different positions within Earth's 
gravitational potential. By holding velocity constant across all layers of the formation, the special 
relativistic (kinematic) contribution becomes a controlled constant, allowing researchers to extract the 
general relativistic component with higher precision.



All aircraft in the stratified formation will maintain synchronized velocities and execute full 
circumnavigations of the globe over an approximate 48-hour duration—mirroring the original Hafele–
Keating experiment. 

This duration is selected both to match the total flight time of the 1971 study for comparative 
benchmarking and because it reflects the practical time required to complete global circumnavigation at 
standard jet cruising speeds, allowing for realistic replication and analysis of relativistic time dilation 
effects across multiple altitude strata. 

The experiment can be further extended beyond atmospheric altitudes by deploying satellite 
constellations in coordinated orbital shells. These satellites would maintain synchronized velocities and 
orbital paths at varied distances from Earth, forming a scalable vertical array that mirrors the aircraft 
formation but across much greater gravitational potential differences. Such an array could not only 
measure Earth’s gravitational time dilation gradient across near-Earth space, but also serve as a 
terrestrial-to-exoatmospheric calibration for relativistic timekeeping systems.

14.9.1 Heliocentric Extension — Scaling Relativistic Effects via Solar-Orbit Timekeeping Arrays

An additional expansion of this methodology involves the implementation of a heliocentric version of 
the experiment. By placing time-synchronized probes in solar orbit at varying heliocentric distances, 
while maintaining equivalent orbital velocities, the solar gravitational time dilation gradient can be 
precisely characterized. This would yield a direct scale comparison between Earth-based and solar-
based relativistic effects, enabling the isolation and evaluation of gravitational curvature contributions 
from both bodies. With sufficient data, the relationship between gravitational potential and proper time 
across multiple scales—from planetary to stellar—can be empirically constructed.

To ensure consistency and facilitate direct comparison, both Earth-based and solar-orbit satellite 
experiments can be analyzed using 48-hour time segments—matching the circumnavigation duration of 
the Hafele–Keating aircraft configuration. This provides a uniform temporal baseline for cross-system 
relativistic analysis, even though full solar orbital cycles extend far beyond 48 hours. While these 
shorter segments offer standardized benchmarking, full-orbit comparisons—executed at scaled 
velocities in the solar configuration—enable a fully proportional relativistic evaluation.

This dual-mode approach supports rigorous benchmarking across gravitational scales while capturing 
both localized and cumulative relativistic gradients. The 48-hour intervals facilitate temporal 
consistency with terrestrial experiments, while full-orbit scaling mirrors the long-duration relativistic 
conditions experienced in deeper gravitational wells.

Executing solar orbits at scaled speeds would yield data that proportionally replicate cumulative time 
dilation effects, offering a true scaling framework that bridges Earth’s gravitational environment with 
the stronger curvature of the Sun. The resulting gradient measurements can then be extrapolated 



mathematically to model relativistic behavior in even more massive systems, such as Sagittarius A* 
(the supermassive black hole at the Milky Way’s center) and other galactic cores.

By using the Sun’s gravitational field as an intermediate reference point, researchers can calibrate and 
scale proper time divergence across environments ranging from terrestrial altitudes to the extreme 
curvature regimes of black holes—ultimately building a unified relativistic framework for interpreting 
long-term time asymmetries in astrophysical systems.

By modeling these results within a relativistic framework, one could extrapolate the cumulative and 
instantaneous effects of gravitational time dilation across even larger structures, such as galactic 
centers. Using the solar comparison as a reference, the inferred time dilation effects produced by the 
immense gravitational well of a supermassive black hole can be scaled in proportion to its mass and 
curvature. This would provide a testable framework for quantifying time differentials across 
cosmological structures and may offer new insights into the long-term relativistic evolution of systems 
exposed to differential gravitational potentials over galactic and intergalactic time scales.

To further refine the isolation of relativistic effects, an additional configuration of the Hafele–Keating 
2.0 experiment involves introducing a polar circumnavigation pathway. In this variation, a vertically 
stratified formation of aircraft—identical in structure to the eastward and westward equatorial sets—
travels along a meridional route circling the Earth from pole to pole and back. Executed in both 
northbound and southbound directions, this polar flight path is critical for disentangling the 
contributions of Earth's rotational frame from the inertial (non-rotating) reference frame.
Since polar circumnavigation minimally engages with Earth's rotational velocity—unlike equatorial 
routes, which either align with or oppose the planet's rotation—it provides a valuable control condition 
for evaluating the true inertial frame baseline. By comparing time dilation measurements from the polar 
formation to those of the eastward and westward equatorial formations, researchers can more precisely 
quantify the special relativistic contributions arising from motion relative to Earth's rotating frame.

This comparative structure not only sharpens the resolution of kinematic versus gravitational effects 
but also enables a nuanced mapping of relativistic time offsets under different frame orientations. It 
serves as an empirical probe into how time behaves in rotating versus inertial frames, with direct 
implications for refining our understanding of proper time in non-inertial reference systems. Combined, 
these multi-directional, multi-altitude measurements form a robust experimental matrix for isolating 
and quantifying the layered contributions of general and special relativity, rotational frame dynamics, 
and inertial baselines within both terrestrial and near-space environments.

This experimental architecture can be mirrored on a solar scale to further extend the comparative 
framework of relativistic time dilation. Just as the Earth-based component employs multi-altitude 
aircraft and satellite formations for both equatorial and polar trajectories, the solar implementation 
would involve a coordinated array of spacecraft in heliocentric orbit at varying radial distances and 
inclinations.

To replicate the eastward and westward terrestrial analogues, one set of probes would follow prograde 
and retrograde orbital paths in the plane of the ecliptic. These probes would be synchronized to 
maintain equivalent orbital velocities, enabling isolation of general relativistic contributions from the 



solar gravitational field while controlling for special relativistic effects. In contrast, a polar heliocentric 
array—circling above and below the solar poles—would approximate the inertial frame baseline, akin 
to the terrestrial polar circumnavigation. This configuration minimizes the influence of solar rotational 
frame dragging and allows for clearer detection of kinematic offsets in a non-rotating reference frame.
The solar-scale replication provides two key advantages. First, it permits direct empirical comparison 
between the strength and structure of time dilation gradients in Earth's shallow gravitational well and 
the deeper curvature surrounding the Sun. Second, it enables extrapolation of relativistic behavior 
across spatial scales, particularly when these results are modeled in relation to increasingly massive 
objects such as neutron stars or supermassive black holes. The integration of equatorial and polar 
orbital data across both Earth and solar frames builds a scalable, cross-referenced map of time dilation 
behavior—from atmospheric altitudes to heliocentric distances.

Ultimately, the dual-terrestrial and solar implementations of this experiment form a coherent, multi-
scale system for isolating inertial frame contributions, verifying relativistic predictions, and calibrating 
timekeeping systems across gravitational regimes. This framework not only tests core postulates of 
general and special relativity under controlled conditions, but also establishes a scalable foundation for 
exploring time dilation across galactic structures and relativistic astrophysical environments.

14.9.2 Feasible Implementation: Stratified Aircraft and Earth-Orbital Time Dilation Study

At minimum, the experiment can be conducted using a multi-layered formation of aircraft flying at 
stratified altitudes, combined with a small constellation of synchronized satellites in low-Earth and 
medium-Earth orbits. This terrestrial implementation—well within current technological and logistical 
capabilities—would already yield a significant leap forward in precision relativistic time dilation 
measurements.

Aircraft formations flying at fixed velocity and in both eastward and westward directions would allow 
researchers to simultaneously capture both special relativistic (kinematic) and general relativistic 
(gravitational potential) contributions. By separating the vertical array into layers spaced approximately 
1,000 meters apart, the gravitational time dilation gradient can be directly measured with higher 
resolution than previous single-flight experiments. Modern atomic clocks, with femtosecond precision, 
now make it possible to detect even minute discrepancies in proper time between layers over relatively 
short flights.

Supplementing this with a few well-timed Earth-orbiting satellites—each maintaining consistent orbital 
velocity and trajectory in a closely aligned vertical formation along the same orbital path, but at 
differing altitudes—would extend the experiment into the outer edge of Earth’s gravitational well. 
These satellite measurements, compared with the aircraft data, would construct a composite profile of 
time dilation across atmospheric and near-space regimes. Furthermore, combining polar and equatorial 
paths for both aircraft and satellites would add inertial frame differentiation, refining our understanding 
of rotating versus non-rotating reference effects.



Even without reaching heliocentric or galactic scales, this core configuration would provide robust 
empirical data to map Earth’s gravitational time dilation gradient, quantify rotational frame influences, 
and benchmark relativistic corrections used in navigation systems. It represents a compelling, scalable 
foundation for future expansions—while standing as a highly feasible, scientifically rigorous 
experiment in its own right.

14.10 Synthesis: Bridging Terrestrial and Orbital Frameworks in Time Dilation Validation

This section consolidates the preceding experimental frameworks and proposes an integrative 
validation approach. By linking gravitational redshift experiments with motion-based relativistic 
timekeeping and GPS calibration data, it offers a continuous experimental scaffold from terrestrial 
altitudes to orbital systems—forming a bridge between classic relativity experiments and large-scale 
cosmological applications. 

Sections 14.9 and 14.10 independently propose experimental architectures for mapping gravitational 
time dilation gradients using vertical redshift measurements and layered timekeeping arrays in motion. 
These distinct configurations—one stationary and local, the other mobile and global—are not mutually 
exclusive, but instead form a continuum of empirical strategies that span the gap between historical 
benchmarks like Pound–Rebka and Hafele–Keating, and modern GPS-based corrections.

To connect and calibrate these systems, a hybrid approach could involve a geostationary platform, such 
as a high-altitude balloon or dirigible, maintaining a fixed elevation for extended durations. Measuring 
redshift or time differentials against sea-level atomic clocks, this platform offers a clean, intermediate 
testing ground for isolating GR-based dilation in the absence of lateral velocity or non-inertial motion.

Such an experiment bridges the methodological gap between localized redshift and circumnavigational 
dilation measurements, while also offering a critical midpoint for comparing GPS-orbital corrections to 
atmospheric-scale effects. In unison with the proposals of Sections 14.9 and 14.10, it supports a 
continuous, scalable framework for grounding galactic time dilation extrapolations in Earth-based 
validation strategies.

This intermediate platform concept could also be extended to satellite altitudes, where relativistic 
effects are continuously corrected in GPS operations. By comparing redshift and proper-time 
measurements across atmospheric and orbital layers, this approach would allow for direct 
benchmarking against existing GPS-based relativistic corrections, further grounding large-scale dilation 
models in empirical data. 



14.11 Relativistic Signal Analysis Using Existing and Future Probes 

Figure 5. Full-scale mock-up of the Pioneer 10/11 spacecraft, as displayed at the National Air and Space 
Museum, showcasing its antenna and instrument assembly. Image courtesy of the Smithsonian National Air and 
Space Museum. This iconic spacecraft represents humanity’s first steps into deep space—underscoring that time 
dilation mapping should be a cornerstone priority for the next generation in understanding space, the final 
frontier. 

As shown in Figure 5, the Pioneer spacecraft serves as a visual reference for the class of deep-space 
probes whose archival data underpin this analysis. This section describes an archival data analysis 
approach that leverages decades of Doppler shift and timing records from Voyager and other deep 
space probes. By comparing observed redshifts and signal delays to predicted relativistic effects, the 
method seeks to validate or refine long-baseline relativistic models across the solar system using 
existing datasets. 



An additional pathway to refine relativistic modeling involves analyzing the Doppler redshift and 
signal flight-time delays of existing deep space probes—specifically deep space probes such as 
Voyager I and II—in conjunction with their precisely logged spatial coordinates. These spacecraft are 
among the most well-tracked objects ever launched, with continuous telemetry recorded over multi-
decade baselines by the Deep Space Network (DSN). By comparing measured signal redshift with 
predicted relativistic effects—specifically, instantaneous gravitational redshift and cumulative proper-
time divergence over the mission duration—it becomes possible to empirically evaluate relativistic drift 
across extended gravitational potential gradients in the solar system and its outer halo.

When coupled with radio signal flight-time delay measurements and precise ephemerides, such an 
analysis may reveal subtleties in both instantaneous and cumulative relativistic time dilation—offering 
empirical support, refinement, or correction to extrapolated models such as the Cumulative Time 
Dilation Gradient (CTDG) effect. 

This approach is extendable to future interstellar probes equipped with onboard atomic clocks and 
pulsar timing receivers, allowing for multi-clock validation architectures that integrate both local 
timing drift and cosmic reference standards (e.g., pulsar periodicity). As missions reach beyond the 
heliopause, tracking the evolving spatiotemporal gradient across the solar gravitational halo may 
become a vital method for validating both general relativistic predictions and time-structure-based 
models grounded in distinct theoretical frameworks. 

14.11.1 Deep Space Probes as Long-Baseline Validation Tools

This subsection details specific spacecraft case studies (New Horizons, Pioneer 10/11, Voyager I/II) 
whose archived tracking data can be mined for both instantaneous and cumulative relativistic time 
dilation signatures. These records form a historical and contemporary foundation for testing relativistic 
predictions without launching new dedicated platforms. 

Beyond missions like Voyager I and II, several deep space probes offer valuable datasets for refining 
relativistic time modeling. Notably, New Horizons remains operational and transmitting, while Pioneer 
10 and Pioneer 11, though no longer sending data, have left behind a rich archive of Doppler and 
positional tracking records suitable for retrospective analysis.

New Horizons is currently tracked by NASA’s Deep Space Network (DSN) using two-way coherent 
Doppler and ranging signals. Its clock synchronization, telemetry timestamps, and Earth-based 
corrections are archived in publicly accessible repositories such as the NASA Planetary Data System 
(PDS) and NAIF/SPICE kernel archives. While the spacecraft does not house an onboard atomic clock, 
consistent synchronization with Earth-based atomic time allows for relativistic comparisons between 
Earth-frame coordinate time and the probe’s inferred proper time across expanding heliocentric 
baselines.

In contrast, Pioneer 10 and 11 are no longer transmitting, but their archived Doppler shift, signal delay, 
and positional tracking data—gathered throughout their extended missions—remain viable for 
evaluating relativistic effects. These records can be analyzed to assess both instantaneous redshift 



behavior and cumulative relativistic divergence over long mission durations, supporting validation of 
time dilation modeling in deep space contexts.

Together, Voyager, New Horizons, and Pioneer form a historical and contemporary foundation of 
natural long-baseline experiments, enabling multi-decade comparisons of gravitational and kinematic 
time distortion signatures across the solar system and beyond.

14.12 Relativistic Frame Asymmetry Detection Using Counter-Orbiting Probes

This section proposes an active experimental deployment of counter-orbiting probes in mass-rich and 
mass-sparse regions of the outer solar system. The aim is to directly test for frame-dependent 
relativistic asymmetries by comparing prograde and retrograde clock divergence, Doppler shifts, and 
timing in controlled gravitational environments. 

To empirically isolate relativistic contributions arising from inertial frame asymmetries in rotating, 
mass-enclosed environments, we propose a two-pronged experimental strategy involving counter-
orbiting deep space probes. This setup is designed to test whether relativistic effects—especially those 
associated with rotational frame asymmetries—differ measurably between regions of high versus low 
enclosed mass within the outer solar system. Unlike traditional frame-dragging experiments localized 
near rotating bodies (e.g., LAGEOS, Gravity Probe B), this configuration tests for extended, large-scale 
asymmetries potentially emerging from the cumulative distribution of angular momentum within a 
mass-enclosed shell. 

Kuiper Belt Rotational Frame Tests

Deploy two probes in opposite orbital directions (prograde and retrograde) within the Kuiper Belt, 
which contains a non-negligible distributed mass and angular momentum. These probes would follow 
equivalent heliocentric trajectories, but in reverse angular orientations relative to the solar system's net 
rotation. Differences in onboard clock divergence, Doppler shift, and signal timing—after correcting 
for known gravitational time dilation—could isolate potential relativistic asymmetries associated with 
motion through a rotating gravitational potential gradient, produced by distributed mass. 

Pre-Belt Interstitial Frame Tests

Conduct a parallel experiment in the relatively mass-sparse region between the outer planets and the 
inner edge of the Kuiper Belt. Two additional probes would orbit in opposite directions at similar solar 
distances, but within regions lacking significant enclosed mass or net rotational angular momentum—



minimizing curvature and frame-dragging contributions. This control group would help differentiate 
intrinsic relativistic frame asymmetries from local gravitational effects.

Differential Analysis and GR Compensation

By leveraging Doppler, redshift, and positional datasets from Voyager, Pioneer, and New Horizons (as 
discussed previously), general relativistic effects—including gravitational redshift and proper-time 
divergence—can be corrected with high precision. By removing this baseline, any residual asymmetries 
between prograde and retrograde probe pairs (across high- and low-mass regions) may reveal new 
insights into inertial frame structure in rotating mass environments.

Implications for Time-Structure-Based Models

This experimental design provides a direct testbed for frameworks such the CTDG effect, relativistic 
MOND variations, and Timescape cosmology, all of which posit that time and inertial dynamics may 
diverge in rotationally asymmetric or mass-structured systems. Detecting differential clock drift or 
redshift beyond GR-predicted margins would constitute empirical evidence for directional relativistic 
frame effects—potentially supporting time-structure-based extensions of gravitational theory.

Extrapolation to Galactic Dynamics

Findings from these solar system-scale frame asymmetry tests may serve as analog models for 
interpreting stellar dynamics within disk galaxies. As the Kuiper Belt represents a rotating mass shell, 
so too do galactic disks represent stars embedded in a rotating gravitational gradient. If directional 
relativistic effects manifest in the Kuiper Belt, analogous mechanisms may operate at galactic scales, 
contributing to asymmetries in stellar motion or deviations from classical dynamics. This could offer a 
complementary relativistic pathway for modeling galactic rotation curves—potentially reducing the 
required contribution from non-baryonic dark matter or clarifying the interplay between mass 
distribution and relativistic structure. 

14.13 Large Scale Temporal Gradient Mapping

Current astrophysical and cosmological models generally assume relativistic time-dilation gradients to 
be negligible—a premise that remains empirically untested. To validate this assumption, large-scale 
temporal gradient mapping is required. Given that solar-system measurements are currently more 



accessible than direct galactic-scale observations, this approach first maps temporal gradients within 
the solar system, using the resulting data as an approximation to infer potential effects at galactic and 
intergalactic scales. This section outlines the proposed solar-system-scale approaches designed to detect 
and quantify these gradients, providing a pathway to empirically test their cumulative and 
instantaneous influences. 

14.13.1 Large Scale Doppler Triangulation Probes

This section introduces a purpose-built solar system–scale infrastructure for high-precision Doppler 
triangulation. Synchronized transmitter/receiver modules are positioned from near-Earth space to 
beyond the heliopause, enabling 3D mapping of time dilation gradients while separating gravitational 
and kinematic Doppler components. 

We propose a solar system–scale experiment to detect and map relativistic effects using high-precision 
Doppler triangulation between both Earth-based and space-based combined transmitter/receiver 
modules positioned at varying heliocentric distances. Each module would transmit to and receive from 
every other module in the network, providing co-witnessing capability at each node in the array. By 
comparing signal frequencies exchanged between multiple platforms, this approach triangulates the 
positions of various spaceborne transmitter and receiver modules moving at differing velocities, 
enabling us to separate kinematic Doppler effects from gravitational Doppler effects across the solar 
system’s gravitational gradients and compare these results to our terrestrial observation frame. This, in 
turn, would enable the construction of a dynamic time dilation gradient map within the solar system 
while simultaneously refining Doppler readings versus observations, thereby informing and improving 
modeling efforts. 

The experimental configuration involves synchronized atomic clocks onboard at least four spacecraft: 
one near Earth, one in a close solar orbit, one on a trajectory toward the heliopause along the ecliptic, 
and one on a trajectory toward the heliopause along the Sun’s north polar axis. While at least four 
modules are required to maintain continuous, redundant triangulation, optimal coverage would employ 
additional observers in the following configuration: one in a mid-solar orbit between Mercury and 
Venus; two in late mid-solar orbits orbiting just before the Kuiper Belt, one prograde and one 
retrograde; two within the Kuiper Belt itself, also one prograde and one retrograde; and four beyond the 
heliopause—two positioned at opposite ends along the ecliptic and two traveling north and south 
toward and past the heliopause. 

The prograde and retrograde pair orbiting just before the Kuiper Belt serves as a control baseline for 
the prograde and retrograde pair within the Kuiper Belt, enabling frame-dependent anisotropy tests—
analogous to the Hafele–Keating east–west effect—while accounting for the gravitational and inertial 
differences across the transition zone. This deployment allows for high-resolution sampling across the 
solar gravitational gradient and enables cross-Doppler verification between modules in distinct 
gravitational and inertial environments. Additional modules at Lagrange points or in planetary orbits 
could further increase coverage and sampling density. 



By analyzing signals from multiple observation angles and signal paths—including those from Earth-
based ground stations—researchers could triangulate the expected Doppler components using known 
spacecraft trajectories and transmission geometries. Any residual frequency shifts beyond these 
modeled contributions would reveal the influence of gravitational time dilation and relativistic frame 
differentials. 

Precision triangulation of moving receivers from multiple transmitters across the solar system will 
refine models to a high degree of accuracy over the solar gravitational gradient, providing the 
resolution necessary for precise solar-gradient modeling and future scaling to galactic models. 

To extend both spatial reach and observational longevity, spacecraft may also jettison autonomous 
receiver/transmitter modules equipped with synchronized jettison atomic clocks. These free-floating 
instruments, deployed at key locations throughout the solar system, would continue transmitting and 
receiving signals over time—enabling long-baseline comparisons of proper time across diverse 
gravitational and inertial conditions. Their distributed placement would allow for the continuous 
tracking of time dilation gradients throughout the solar system, even as the primary spacecraft continue 
on their missions.

In addition to testing general relativistic predictions and the CTDG hypothesis locally, this framework 
may also improve our ability to model Doppler shifts at galactic and cosmological scales. By refining 
our understanding of how relativistic effects distort frequency measurements in known gravitational 
environments, we can develop more accurate correction models for interpreting redshift data in spiral 
galaxies, intergalactic structures, and the cosmic web. Moreover, establishing precise baselines for solar 
and terrestrial time dilation may provide scalable references for analyzing relativistic behavior in more 
extreme astrophysical regimes.

This experiment offers a concrete path toward validating relativistic divergence models and generating 
a scalable, empirical framework for interpreting time dilation—from the solar system to the galaxies 
beyond.

14.13.2 Doppler Triangulation Probe Terrestrial Implementation

This subsection adapts the Doppler triangulation methodology for a terrestrial testbed, using 
synchronized atomic clocks across varied altitudes, latitudes, and inertial states. The goal is to generate 
a high-resolution Earth-based map of time dilation gradients and provide a calibration foundation for 
planetary and solar system–scale deployments. 

A terrestrial implementation of this experiment would focus on Doppler triangulation between 
synchronized atomic clocks deployed across varying gravitational and inertial conditions on and around 
Earth. Clocks positioned at different altitudes—such as sea level, mountaintops, high-altitude balloons, 
low-Earth orbit satellites, and subterranean locations—would exchange narrowband laser or radio 
frequency signals with ultra-stable carrier frequencies. By analyzing Doppler shifts across known 
baselines and trajectories—including motion induced by Earth's rotation, orbital curvature, and 



elevation changes—researchers could model and subtract the expected kinematic contributions. Any 
residual frequency deviations would then be attributed to gravitational time dilation or frame-dependent 
relativistic offsets.

To test for directional asymmetries, additional Doppler baselines should be established across diverse 
latitudes and orientations, including polar, equatorial, and inclined axes. This would allow for detection 
of potential anisotropies arising from Earth’s rotation, geoid structure, or localized mass distributions. 
The resulting measurements would offer a high-resolution map of terrestrial time dilation gradients and 
their deviation from idealized gravitational models. Beyond validating predictions from General 
Relativity, this framework would provide critical ground-based support for CTDG modeling, enabling 
calibration of Doppler-based redshift and blueshift interpretations at planetary, solar, and galactic 
scales.

14.13.3 Terrestrial Solar and Cosmic Scale Temporal Gradient Mapping

This section presents a distributed multi-environment clock network designed to measure time dilation 
gradients from Earth’s surface to interstellar space. By combining synchronized atomic clocks, 
waypoint-reset and jettison clocks, and spaceborne Pulsar Timing Array (PTA) receivers, the 
framework seeks to capture relativistic time divergence across gravitational, kinematic, and cosmic 
baselines. The objective is to create a scalable temporal gradient map that bridges local, solar, and 
galactic environments, enabling both validation and refinement of relativistic models across multiple 
scales. 

This proposal requires no new physical laws—only the application of relativity over timescales and 
scales rarely modeled in tandem. It invites rigorous simulation, reinterpretation of existing kinematic 
data, and development of relativistic timing models to evaluate whether standard relativistic effects, 
when integrated across galactic distances, may contribute to the anomalies typically attributed to dark 
matter or modified dynamics.

In addition to these large-scale modeling and astrophysical datasets, the hypothesis may also be 
investigated through localized, precision experiments. The following proposal outlines a symmetric, 
solar system-scale relativistic clock array—designed to emulate multi-environment relativistic 
conditions and establish whether measurable time divergence occurs across varied altitudes, latitudes, 
velocities, and gravitational gradients.

To empirically support the hypotheses proposed in this work, the following experimental framework is 
introduced. 

Using data from the pure gravitational baseline established in Section 13.1 (Pound–Rebka 2.0), this 
broader temporal gradient framework can more effectively isolate non-gravitational contributions. 
Building on the relativistic time dilation differentials demonstrated in the Hafele–Keating experiment 
[3], and GPS synchronization protocols [5], the following expanded multi-frame configurations aim to 
map relativistic gradients across diverse altitudes, velocities, and gravitational environments throughout 



the solar system. The design does not assume any outcome a priori but offers a data-driven approach to 
testing relativistic effects on both terrestrial and cosmological scales. 

Deep Space Atomic Clock and Pulsar Timing Array Integration for Temporal Gradient Mapping 

Description:
Deploy a large-scale network of synchronized atomic clock arrays distributed across heliocentric space, 
spanning both the ecliptic and polar solar axes. Each clock array comprises three functional groups:

• Primary clocks remain continuously active and are never reset, serving to track the full 
cumulative relativistic time divergence along extended trajectories.

• Waypoint-reset clocks are synchronized to zero at specific predefined spatial benchmarks (e.g., 
1 AU, 5 AU, solar poles), then run independently without further resets, allowing precise 
measurement of local relativistic rate deviations anchored to known spacetime reference points.

• Jettison clocks are physically detached and deployed at key locations—left in planetary orbit, 
suspended in deep space, or sent on divergent trajectories from the main vessel. These clocks 
enable persistent monitoring of time evolution within distinct gravitational or kinematic 
environments, extending the spatial resolution of the temporal gradient map.

• Spaceborne PTA Receivers: Deployable pulsar timing instruments paired with onboard atomic 
clocks, enabling direct comparison between local time dilation and cosmic pulse periodicity. 
These enhance long-baseline timing resolution and integrate with Earth-based PTA networks for 
solar-to-galactic-scale relativistic mapping.

• Jettisoned PTA Receivers: Autonomous pulsar timing units deployed with free-flying atomic 
clocks, establishing extended baselines for comparing local and cosmic timing signatures. This 
supports gradient mapping of relativistic effects across both local and galactic reference frames.

By comparing time deviations between the continuously-running primary clocks and the various reset 
arrays, researchers can:

• Quantify nonlinear accumulation of relativistic effects across distances and gravitational 
gradients. 

• Investigate whether relativistic time drift follows a stable trend or shows irregular patterns 
across long-distance space trajectories in the solar system. 

• Build a temporal gradient map of space-time, capturing minute deviations across multiple 
reference frames and gravitational depths.

Hundreds or thousands of such clock sets create a temporally anchored network, with each reset event 
tied to a known location — enabling repeatable, segmental analyses of relativistic divergence across 
space.



Symmetric Satellite Time Dilation Test: A Multi-Frame Relativistic Comparison

The Hafele–Keating experiment demonstrated that time measured by atomic clocks in motion or at 
varying altitudes differs from those at rest on Earth’s surface. While groundbreaking, the original 
experiment involved reference frames that were themselves under the influence of gravity and Earth's 
rotation, limiting its capacity to test relativistic effects in isolation. This proposal outlines an expanded 
version that uses multiple simultaneous observers in Earth orbit, on polar aircraft, and in deep space to 
systematically isolate and compare special and general relativistic time dilation effects.

Purpose of Measurement

This experimental configuration is not designed to confirm specific predictions but rather to gather 
high-precision time dilation data across a wide range of physical environments. By simultaneously 
comparing atomic clocks at multiple altitudes, velocities, latitudes, and gravitational conditions, we aim 
to:

• Establish a broad empirical foundation for relativistic effects.

• Identify any unexpected discrepancies or directional asymmetries.

• Refine future questions about the relationship between motion, gravity, terrain, and the passage 
of time.

• These measurements will also support the development of a solar system-scale map of time 
dilation gradients, enabling more refined models of how time behaves across gravitational and 
spatial environments.

Rather than assuming outcomes in advance, the goal is to allow the data itself to reveal patterns, limits, 
or possible extensions of existing theories.

Literature Gap

While relativistic time dilation has been empirically tested in several contexts—most notably through 
the Hafele–Keating flights, GPS satellite calibration, and the Atomic Clock Ensemble in Space (ACES) 
aboard the International Space Station—these efforts have focused on isolated or region-specific 
configurations. Current experiments typically involve clocks either in low Earth orbit or at fixed 
ground stations, without integrating broader spatial comparisons.

To date, no known experiment has systematically deployed a distributed network of atomic clocks 
spanning equatorial and polar aircraft, orbital paths at multiple latitudes, gravitational balance points, 



and deep space environments. Furthermore, relativistic effects across solar polar axes, varying 
gravitational depths, and terrain-specific altitudes remain unexplored.

This proposal addresses this gap by introducing the first multi-frame, solar system-scale experiment 
aimed at mapping relativistic time gradients without presupposing specific outcomes. It seeks to 
provide a foundational dataset from which new physical insights or corrections to existing models may 
emerge.

Experimental Design:

Note: While Pulsar Timing Arrays (PTAs) are traditionally ground-based networks of radio telescopes, the 
principle of using pulsar signals as long-baseline cosmic clocks can, in theory, be extended to space-based 
platforms. Deploying PTAs in space offers advantages—such as freedom from Earth-based radio-frequency 
interference and ionospheric variations—notably improving signal clarity and potentially enabling access to a 
larger number of pulsars. In this experiment, “PTA” refers conceptually to pulsar-based timing instruments 
located either on Earth or aboard satellites; however, they cannot be implemented on aircraft due to size, power, 
and signal acquisition constraints. Thus, all PTAs in this framework are positioned Earth- or space-based, 
enhancing both signal quality and astronomical reach. 

Observer Configuration

To empirically investigate this gradient, the experiment deploys multiple atomic clock arrays across a 
spectrum of gravitational and kinematic conditions, including low Earth orbit, deep space, and polar 
flight trajectories. Each clock set consists of: 

• Primary Clocks: Continuously operating units that record cumulative relativistic time deviations 
without any reset throughout the experiment.

• Waypoint-Reset Clocks: Secondary clocks synchronized to zero at designated spatiotemporal 
benchmarks throughout the solar system and beyond the heliopause. Once reset, these clocks 
run independently, serving as reference anchors for measuring segmental relativistic effects 
across varying gravitational and inertial environments. 

• Jettison Clocks: are physically detached and deployed at key locations—left in planetary orbit, 
suspended in deep space, or sent on divergent trajectories from the main vessel. These clocks 
enable persistent monitoring of time evolution within distinct gravitational or kinematic 
environments, extending the spatial resolution of the temporal gradient map.

• Spaceborne Pulsar Timing Array (PTA) Receivers: Designed as deployable spaceborne 
extensions to existing ground-based PTA networks, these instruments monitor pulse arrival 
times from stable millisecond pulsars to provide long-baseline cosmic timing references. 
Operating alongside onboard atomic clocks, spaceborne PTA components enable direct 



comparison between local relativistic timing drift and the expected periodicity of pulsar signals. 
This dual-clock architecture supports the detection of gravitational time dilation gradients, wave 
interference patterns, and possible large-scale spacetime asymmetries. By integrating with 
Earth-based PTA infrastructure, these spaceborne additions expand both spatial coverage and 
directional sensitivity, enhancing the temporal resolution of relativistic mapping across solar 
system and galactic scales. 

• Jettisoned Pulsar Timing Array Receivers (PTA) Receivers: These autonomous pulsar timing 
receivers are deployed in tandem with standard jettison clocks to establish paired baselines. 
While the atomic clocks monitor local gravitational and kinematic time dilation gradients, the 
PTA components provide a long-baseline cosmic timing reference by recording pulse arrival 
times from distant millisecond pulsars. This dual deployment enables comparative analysis 
between local relativistic effects and galactic-scale temporal structure, enriching the resolution 
and scope of time dilation gradient mapping across space. 

The layout supports comparative analysis across diverse relativistic variables, including gravitational 
potential, velocity, altitude, and spatial orientation. By strategically configuring these arrays across 
varied latitudes, altitudes, and orbital paths—and by integrating PTAs as long-range cosmic timing 
baselines—the experiment aims to isolate specific contributions from special and general relativity. 
This multidimensional architecture strengthens temporal resolution at multiple scales: locally via 
atomic clocks and cosmically via pulsar signals, thereby enabling more robust detection and modeling 
of relativistic time dilation gradients. Additionally, distributed placement across the ecliptic and solar 
polar axes allows for the investigation of potential anisotropies or asymmetries in relativistic drift. This 
modular and repeatable design provides the empirical flexibility needed to detect nonlinear or 
cumulative relativistic effects over both short and extended durations. 

Moreover, because pulsar signals traverse immense cosmological distances, they may reveal time 
dilation variances across gravitational fields—and relative to diverse positions within our own solar 
time dilation gradient field—far beyond what localized atomic clocks alone can measure. This provides 
an essential large-scale context for interpreting relativistic gradients across space. Integrating PTAs in 
this way may help establish galactic and intergalactic time dilation baselines, referenced to our solar 
system's gradient field, thereby enriching the modeling of relativistic time structures at multiple cosmic 
scales. 

Observer Location or Path Motion Function

Equatorial Geostationary 
Satellite Clock + PTA

35,786 kilometers 
above equator

Geostationary: 
Orbits Earth, fixed 
above equator 

Measures relativistic effects at 
geostationary altitude; serves as 
a reference for equatorial 
velocity and potential offset 

North Pole Hovering 
Satellite Clock + PTA

35,786 kilometers 
above North Pole

Powered hover Polar inertial reference

Eastward Orbiting 
Satellite Clock + PTA

35,786 kilometers 
altitude

Orbital eastward Motion-induced time loss test



Westward Orbiting 
Satellite Clock + PTA

35,786 kilometers 
altitude

Orbital westward
Symmetry check for time 
dilation

Earth Sun Lagrange 
Hovering Clock + PTA 

Lagrange gravitational 
balance point

Powered hover
Semi Stable Gravitational 
Potential Reference 

Interpolar Aircraft Clock
10–12 kilometers 
altitude

Interpolar aircraft 
flight cycle

Measures mixed altitude and 
velocity effects along a north–
south trajectory, providing a 
comparative frame to east–west 
aircraft time dilation. 

Polar Orbiting Satellite 
Clock + PTA

600–1000 kilometers 
altitude

Polar orbital path
Relativistic effects at low polar 
orbit inclinations

Hafele–Keating Flight 
Path Aircraft Clock

10–12 kilometers 
altitude

Eastward and 
westward flights

Historical baseline replicating 
the original Hafele–Keating 
experiment for direct 
comparison 

Deep Space Clock + 
PTA

Far from gravitational 
sources

Minimal motion

Serves as a relatively inertial 
timing reference, with minimal 
gravitational and velocity-based 
time distortion compared to 
clocks nearer the center of the 
solar system or near Earth 

Sea-Level Polar Clock + 
PTA

Sea level near North 
and South Pole

Stationary
Comparison with equatorial 
sea-level reference

Equatorial Aircraft 
Clock

10–12 kilometers 
altitude

Eastward and 
westward flights

Time dilation test at equatorial 
velocity extremes

Mid-Latitude Aircraft 
Clock

10–12 kilometers 
altitude

Eastward and 
westward flights

Test of relativistic effects at 
intermediate latitudes

Additional Configurations for Comparative Relativistic Analysis

This experiment is designed to systematically isolate and measure how velocity, altitude, and 
gravitational potential independently affect the passage of time, according to both special and general 
relativity. By comparing synchronized atomic clocks in diverse motion states and gravitational 
environments, the setup allows controlled tests of time dilation under real-world and spaceflight 
conditions.

• Geostationary satellites at 35,786 km above the equator, orbiting Earth once per sidereal day. These 
provide a velocity-matched and gravitational reference for equatorial positions and serve as a baseline 
for relativistic comparisons with non-orbiting clocks.
• Stationary hovering satellites at various altitudes above Earth (e.g., equatorial, mid-latitude, polar), 
maintained via continuous propulsion rather than orbital motion. Unlike geostationary satellites, these 



are fixed in position relative to Earth's surface and allow measurement of gravitational time dilation 
effects without velocity-based contributions.
• Satellites and aircraft with matched altitudes but varied velocities, to decouple speed-dependent 
(special relativistic) effects from those due to gravitational potential.
• Satellites on identical trajectories but with velocity modulation, enabling direct observation of time 
dilation variations caused solely by differences in speed.
• Satellites stationary with respect to planetary orbits at varied heliocentric distances, using powered 
hover or quasi-stable positions to maintain fixed locations in solar gravitational gradients. These serve 
as reference points to examine time dilation across the Solar System, independent of orbital velocity.

Latitudinal and Longitudinal Orbital Comparisons

In addition to equatorial orbits, this experiment includes eastward and westward orbiting satellites 
positioned above various northern and southern latitudes (for example, 30 degrees and 60 degrees from 
the equator). These satellites follow inclined paths, allowing them to move over both the northern and 
southern hemispheres.
This configuration enables comparisons between satellites flying at the same altitude and speed but 
over different latitudes, revealing whether geographic position influences time dilation.
Furthermore, satellites in north-to-south polar orbits will pass over a wide range of longitudes as Earth 
rotates beneath them. These polar orbits allow time comparisons across various terrains and rotational 
conditions.
This expanded orbital framework will help determine:
• Whether time dilation effects are consistent across northern and southern hemispheres.
• If specific longitudes or underlying terrain features introduce measurable variations.
• Whether standard relativistic predictions hold true at different latitudes and orbital inclinations.

To further dissect the relationship between orbital altitude, speed, and relativistic time effects, the 
experiment will also include satellites placed at higher and lower altitudes relative to matched 
counterparts. Some will maintain identical velocities while following extended or reduced orbital 
trajectories, while others will travel at varied altitudes but identical orbital paths. This configuration 
allows the isolation of altitude- and velocity-based contributions to time dilation across vertically 
layered reference points.
By combining these experimental setups, researchers can systematically disentangle the interplay 
between altitude, motion, and gravitational potential—allowing precision validation of both general 
and special relativistic time dilation effects across space environments.



Additional Deep Space Observers

To extend the experiment beyond Earth and its immediate orbital environment, a series of deep space 
observers will be included. These clocks will be positioned at various distances from the Sun, ranging 
from inside Earth's orbit to the outer edges of the solar system and beyond. Their purpose is to measure 
how the passage of time changes across different gravitational depths and directions relative to the 
solar system.

These observers include:

1. Solar-Proximal Observer
A clock array + PTA placed closer to the Sun than Earth, in an orbit similar to Mercury’s. This clock 
will experience a stronger gravitational potential, providing data on time dilation effects in high-
gravity, near-solar environments.

2. Mid-Solar Observer
one or more clock arrays + PTA’s placed between Earth's orbit and the orbits of the outer planets. These 
clocks will allow observation of gradual changes in time dilation effects as gravitational strength from 
the Sun decreases with distance.

3. Outer-Solar Observer
A clock array + PTA located near the distance of Neptune or Pluto, where the gravitational pull of the 
Sun is much weaker. This will provide a comparison point near the edge of the solar system.

4. Very Distant Observer (Voyager-like)
A clock array + PTA placed in deep interstellar space, well beyond the heliopause. It experiences 
minimal gravitational influence and will serve as an inertial reference point for time far from any 
significant mass.

5. Solar Axis Out-of-Plane Observer
Multiple clock arrays + PTA’s moving directly away from the Sun along the solar system's north–south 
axis, perpendicular to the plane of planetary orbits. This observer allows investigation into whether 
time dilation behaves differently off the ecliptic plane, where gravitational, magnetic, and rotational 
influences from the Sun may be distributed differently. It also tests for any possible anisotropy in 
relativistic or gravitational behavior relative to the solar system’s structure.
This configuration of solar system observers will enable a layered assessment of how time behaves 
across gravitational gradients and orientations. It does not assume any specific outcome but instead 
focuses on recording accurate, synchronized time differences to reveal whether:
• Time dilation behaves linearly or non-linearly with gravitational potential
• There are measurable asymmetries or directional effects in extended space
• Relativistic predictions hold at all distances and orientations, or if refinements are needed
The data collected from this extended range of clocks may help identify overlooked physical influences 



and refine future questions in both fundamental physics and cosmological time modeling.
By combining these experimental setups, researchers can systematically disentangle the interplay 
between altitude, motion, and gravitational potential—allowing precision validation of both general 
and special relativistic time dilation effects across space environments.

Scientific Significance

This experiment offers a unified, local-to-cosmic assessment of time dilation. It tests core principles of 
general and special relativity using multiple inertial frames, orbital paths, gravitational potentials, and 
cosmic baselines. By integrating both atomic clocks and Pulsar Timing Arrays (PTAs), the design 
enables cross-scale validation of relativistic effects—from local orbital dynamics to galaxy-spanning 
time gradients.

The results will inform satellite-based navigation systems, contribute to precision timekeeping, and 
provide a scalable framework for testing both established and emerging physical theories.

This configuration supports the first comprehensive effort to map time dilation gradients throughout the 
solar system and beyond. By deploying synchronized atomic clocks and space-based PTA receivers 
across diverse distances, altitudes, orbital inclinations, and gravitational depths, we can begin building 
a multilayered map of how time behaves under varied relativistic conditions. These measurements will 
form the foundation for testing relativistic predictions across cosmic scales, refining deep-space 
navigation systems, and informing long-term timing protocols for planetary missions, interstellar 
probes, and astrophysical observatories.

14.14 Integrated Experimental Architecture

While the experimental concepts described in Sections 14 through 14.13.3 were conceived as 
independent investigations, many can be combined into joint deployments, shared infrastructure, or 
phased mission designs. Cross-integration not only improves feasibility and cost-effectiveness but also 
enables data fusion across overlapping baselines, enhancing measurement precision and interpretive 
power. Taken as a whole, this suite of experiments constitutes a comprehensive, multi-scale strategy for 
testing the relativistic framework outlined herein—from localized gravitational redshift validations to 
solar system–scale Doppler triangulation and cosmic-scale pulsar timing integration. By designing 
these experiments to operate both independently and synergistically, the framework maximizes 
empirical coverage while minimizing redundancy, ensuring that results at one scale can directly inform 
and calibrate those at another.



15 Part I Final Synthesis and Perspective

Part II follows in the subsequent section. It expands this framework to the more complex relativistic 
landscape of galaxy clusters, examining how overlapping gravitational potentials, gravitational wave 
interference, and large-scale spacetime structure may further inform observed anomalies—particularly 
those associated with MOND-like deviations. Together, the two parts constitute a unified exploration of 
relativistic time structure as a potentially essential—but thus far under-integrated—dimension of large-
scale cosmic dynamics. 

This synthesis concludes Part I of a two-part conceptual series exploring underexamined relativistic 
effects in galactic dynamics. Part I has outlined the conceptual foundation and proposed a 
relativistically grounded mechanism for long-term and real-time kinematic anomalies in galactic 
systems. The hypothesis remains qualitative but testable, inviting formal modeling, simulation, and 
observational validation. 

In summary, Part I of this study proposes that both cumulative and instantaneous relativistic effects 
may contribute meaningfully to galactic-scale dynamical anomalies. By remaining entirely within the 
framework of Relativity, the hypothesis avoids introducing new physics while opening a pathway for 
testing relativistic influences—both gradual and immediate—across spatial and temporal gradients. 
Through observational analysis, numerical simulation, and conceptual extrapolation, future research 
may evaluate whether time—measured not just locally but cosmologically—plays a more dynamic role 
in galactic structure than previously recognized.

This work invites a quiet yet consequential shift in how we understand the role of time in galactic 
dynamics. Rather than proposing new particles or modifications to known laws, it explores whether 
some answers may already lie hidden—subtly encoded in the interplay of time and curvature across 
vast distances and epochs. If gravitational time dilation gradients, however minute, can shape the flow 
of time differently across a galaxy, then perhaps what we have attributed to invisible mass or alternative 
forces is, at least in part, the unfolding imprint of relativity on cosmic architecture.

By elevating time from a passive backdrop to an active participant in cosmic structure, this framework 
opens a pathway to unify longstanding kinematic mysteries with the established elegance of General 
Relativity. It does not offer final answers—but instead refines the question: what if time, when given 
enough of itself, bends the path of stars?

This work, in both scope and spirit, offers not a revolution but a reorientation—a reminder that even 
within the well-tested framework of Relativity, there remain vast frontiers shaped not by new laws, but 
by the patient unfolding of known ones across the deep structure of spacetime. If gravitational time 
dilation gradients—historically treated as negligible—prove capable of influencing galactic motion 
through either cumulative or instantaneous effects, then their role must be incorporated into dynamical 
models.

Future work should therefore prioritize direct measurement, deeper modeling, and systematic 
exploration of relativistic timing structure as a fundamental component of galactic dynamics. 



PART II

 Time Dilation Gradients and Kinematic Deviations in Galaxy Clusters

TGD Conceptual Framework

This second part of the paper builds directly upon the relativistic Temporal Gradient Dynamics (TGD) 
framework outlined in Part I, extending its core ideas from individual galactic systems to the more 
complex and large-scale dynamics of galaxy clusters. Having established the conceptual foundation for 
gravitational time dilation gradients—alongside broader relativistic effects such as cumulative proper 
time divergence and cosmological recession—this section investigates whether such gradients may also 
contribute to the kinematic anomalies observed at the cluster scale, typically attributed solely to dark 
matter or modified gravity models.

In this context, Part II represents the second major conceptual layer of the broader relativistic 
hypothesis. It refines the initial framework by applying it to more massive, multi-galactic systems and 
by proposing concrete pathways for future validation. 

Part II Summary 

Modified Newtonian Dynamics (MOND) has provided a successful framework for explaining galactic 
rotation curves. However, in the context of galaxy clusters—complex environments with deep 
gravitational potentials and multiple interacting galaxies—additional relativistic effects may be at play 
that MOND does not currently model in detail.

Building on prior work suggesting that gravitational time dilation gradients and other relativistic effects 
may influence stellar dynamics both instantaneously and cumulatively over long timescales, this paper 
investigates whether such relativistic influences—including gravitational wave (GW) interactions, 
interference effects, and overlapping galactic-scale time dilation fields—could meaningfully contribute 
to the kinematic deviations observed in galaxy cluster dynamics. 

Based on previously outlined implications, these effects may be far from subtle—potentially exerting 
significant influence on both short-term and long-term timescales, dynamically altering orbital 
coherence and reshaping expectations of mass distribution across cosmic epochs. The framework 
remains entirely within the scope of Relativity and offers a reinterpretation of MOND-like behaviors as 
emergent from established relativistic principles—inviting further exploration through simulation, 
wave-field modeling, and gravitational time mapping.



Introduction to Part II

This continuation extends the relativistic time dilation framework beyond individual galactic systems to 
investigate its implications for galaxy clusters—gravitationally complex environments where 
relativistic effects may play a more dynamic role.

Modified Newtonian Dynamics (MOND) has achieved notable success in explaining rotation curves of 
isolated spiral galaxies, and continues to offer valuable insights into the empirical regularities observed 
across galactic systems [10]. However, its application to galaxy clusters remains an area of active 
investigation [33, 34].

Yet galaxy clusters differ fundamentally from simpler galactic systems: they are dynamically complex, 
often consisting of multiple interacting galaxies embedded in a relativistically curved environment 
shaped by overlapping, time-varying gravitational potentials. Such environments may produce irregular 
time dilation gradients [35], evolving curvature differentials, asymmetric relativistic inertial frame 
interactions [3], and ongoing gravitational wave interactions [36]—effects that standard MOND or 
ΛCDM models do not explicitly capture. 

In this section, we explore whether such relativistic effects could complement both MOND and ΛCDM 
frameworks by contributing to the observed kinematic features of galaxy clusters. 



1 Galaxy Clusters and MOND: Exploring the Tension Constructively 

MOND performs well in most isolated spiral galaxies but encounters difficulties accounting for mass 
discrepancies in galaxy clusters without invoking unseen mass [10]. This has often been cited as a 
weakness of the theory. However, galaxy clusters are highly dynamic environments where multiple 
massive galaxies interact gravitationally, potentially generating relativistic effects—such as time 
dilation gradients or spacetime curvature distortions—that are both more dynamic and more 
pronounced than in isolated systems [33, 34]. These relativistic influences may contribute to the 
observed discrepancies, suggesting the challenge may not stem from missing mass alone, but also from 
effects not yet fully accounted for in current models. 

Figure 9. Composite optical (yellow/orange) and X-ray (red) image of the Bullet Cluster (1E 0657-56). Captured 
by ESO's Very Large Telescope, NASA's Hubble Space Telescope, and Chandra X-ray Observatory. This version 
contains no artificial overlays and shows only the visible galaxies and hot gas components.



1.1 Gravitational Time Dilation in Cluster Dynamics

Figure 6 provides a visual context for this discussion, showing the Bullet Cluster (1E 0657-56) as a 
striking example of a galaxy cluster with extreme gravitational complexity and substructure. In such 
clusters, the gravitational potential is deeper and exhibits greater spatial variation than in individual 
galaxies. As a result, time dilation gradients between galaxies—and within substructures—are often of 
greater magnitude, especially near cluster centers or in regions of high mass density. These relativistic 
effects operate on two levels: instantaneously, by altering local clock rates and affecting real-time 
measurements of velocity and acceleration, and cumulatively, by gradually diverging proper time along 
different orbital trajectories. Over hundreds of millions of years, these effects may influence star 
velocities, orbital phases, and intergalactic dynamics in ways not accounted for by current modeling 
frameworks. Their omission may contribute to systematic underestimations of relativistic contributions 
in cluster-scale simulations. Notably, if their magnitude is sufficient, they may even explain certain 
kinematic anomalies currently attributed to unseen mass (see Figure 7 for a conceptual illustration of 
asymmetric gravitational field overlap). These distortions are especially relevant in dynamically active 
systems like the Bullet Cluster, where displaced mass components and colliding gravitational fields 
generate chaotic spacetime gradients that further deviate from Newtonian expectations (illustrated in 
Figure 8). 

Figure 7. Asymmetric Overlap of Gravitational Time Dilation Gradient Fields in Chaotic Cluster Environments 
Due to Nonuniform Mass Distributions. This conceptual sketch illustrates overlapping gravitational potential 
gradients in a galaxy cluster, highlighting how interacting gravitational fields of supermassive black holes 
(SMBHs), irregular mass distributions and gravitational wave interference may distort local spacetime curvature. 
The asymmetry reflects dynamic interactions—such as those seen in the Bullet Cluster—where galactic 



collisions and displaced mass components may introduce significant relativistic deviations that influence orbital 
dynamics. These distortions can affect both the apparent motion of stars and gas (as observed) and the inferred 
mass distributions derived under classical gravitational assumptions. This illustration is intended solely to 
visually represent the conceptual hypothesis and should not be interpreted as a mathematically derived or 
observational model. 

Figure 8. Asymmetric Overlap of Gravitational Time Dilation Gradient Fields in Chaotic Cluster Environments.
This conceptual illustration depicts overlapping gravitational potential gradients within a galaxy cluster, 
emphasizing how interacting gravitational fields of supermassive black holes (SMBHs), irregular mass 
distributions, and gravitational wave interference may dynamically distort local spacetime curvature. The 
depicted asymmetries reflect the chaotic, time-evolving interactions characteristic of environments like the 
Bullet Cluster, where displaced mass components and colliding structures may introduce significant relativistic 
deviations. These distortions could impact both the observed motion of stars and gas, and the inferred mass 
distributions typically derived under classical or Newtonian frameworks. This figure is intended as a qualitative 
visualization of the proposed hypothesis and does not represent a formal simulation or observational model. 

This perspective parallels the External Field Effect (EFE) proposed in MOND, wherein the internal dynamics of 
a system are influenced by an external gravitational field, especially in low-acceleration regimes. Similarly, in 



general relativity, the superposition of gravitational time dilation gradients in dense, non-isolated environments 
like galaxy clusters may induce relativistic distortions that modulate internal kinematics. While MOND 
attributes this effect to the nonlinearity of its modified force law, the framework described here interprets such 
deviations as emerging from overlapping spacetime curvature gradients and cumulative proper-time divergence. 
In this sense, gravitational time dilation gradients may represent a relativistic analog to the MOND EFE, 
operating through curvature rather than force modification. Their effects may suppress or enhance internal 
acceleration fields depending on local potential asymmetries and temporal divergence, offering a feasible 
explanation for certain observed anomalies at the cluster scale. 

1.2 Asymmetric Relativistic Inertial Frame Interactions

The Hafele–Keating experiment famously demonstrated that eastbound and westbound atomic clocks
—traveling at different velocities relative to Earth’s rotation—accumulated asymmetric time dilation 
effects over identical flight paths [3]. This divergence stemmed from their motion through non-
equivalent inertial frames within Earth’s rotating gravitational field—highlighting that relative motion 
and curvature asymmetry can measurably affect proper time. 

Notably, the Hafele–Keating experiment revealed measurable proper-time asymmetries on Earth—
despite its relatively weak gravitational field and low orbital velocities. Aircraft in that experiment 
reached speeds of approximately 250 m/s. In contrast, stars in a stable galaxy like the Milky Way 
typically move at around 200,000 m/s. However, in rich galaxy clusters, galaxies exhibit line-of-sight 
velocity dispersions ranging from 400 km/s to 1,400 km/s (i.e., 400,000 to 1,400,000 m/s), with a 
median value near 750 km/s [37]. Individual galaxies can exceed these speeds during mergers or 
dynamic interactions—implying a velocity differential spanning over three orders of magnitude. 

These velocity differentials—spanning several orders of magnitude—suggest that relativistic inertial 
frame divergence in cluster environments should be vastly more pronounced than in Earth-based 
settings. In the vastly more curved and dynamically perturbed environments of galaxy clusters, such 
inertial asymmetries are expected to be significantly more pronounced. While Minkowski spacetime 
assumes globally equivalent inertial frames and symmetric time dilation, real-world systems like 
galaxy clusters inhabit curved, dynamically evolving spacetimes—where such idealizations no longer 
apply. 

By analogy, galaxies embedded within dynamically evolving galaxy clusters traverse gravitational 
environments far more complex than the Earth’s: their local inertial frames are continually perturbed by 
tidal forces, multi-body interactions, and anisotropic mass flows resulting from mergers, infall, and 
collapse. These conditions break assumptions of global symmetry and inertial homogeneity, placing 
cluster galaxies in relativistically distinct and time-varying frames.

The result is a form of asymmetric proper time accumulation, influenced by both kinematic velocity 
differentials and gravitational time dilation gradients. Over gigayear timescales, such effects could 
compound to:

• subtly distort apparent stellar or gas orbital dynamics,



• skew velocity dispersion measurements, and

• introduce systematic biases in mass inference—particularly in high-curvature, nonequilibrium 
zones.

These effects, while typically neglected in Newtonian or weak-field treatments, are fully predicted by 
Relativity and may prove critical in modeling non-linear structure formation and testing the Cumulative 
Time Dilation Gradient (CTDG) hypothesis. Their simulation requires full-metric numerical relativity 
tools, such as GRChombo, to capture the local and global evolution of spacetime curvature and inertial 
frame asymmetry.

One compelling example of extreme inertial asymmetry occurs during the merger of two spiral galaxies 
with opposing rotational directions. In such systems, the counter-aligned angular momentum of each 
galaxy gives rise to conflicting frame-dragging effects and overlapping, misaligned inertial reference 
frames. As these rotating structures interpenetrate, the local spacetime curvature becomes dynamically 
unstable, potentially giving rise to dynamic transient zones of inertial frame chaos zone (IFCZ). 

These effects are further exacerbated by the presence of supermassive black holes at each galactic 
center and by tidal interactions among stellar and gas components. Such scenarios likely represent peak 
expressions of inertial frame divergence in real astrophysical systems—far exceeding anything 
observed in terrestrial experiments—and may play a key role in distorting proper time accumulation 
and orbital structure in the core of merger remnants. 

For modeling purposes, IFCZs are further delineated into spatially distinct subregions, especially in 
clusters undergoing complex mergers where multiple IFCZs may form concurrently. These regions are 
relativistically distinct from more homogeneous inertial frames.

The phrase “inertial frame chaos zone (IFCZ)” may appear structurally redundant due to the inclusion 
of the word zone both inside and outside the acronym. However, this phrasing is not redundant in a 
modeling context.

In relativistic cluster modeling, multiple IFCZs can form concurrently within a single galaxy cluster — 
each spatially distinct and dynamically unique. Therefore, when referring to “zones of IFCZs” or 
“multiple IFCZs”, the outer term “zone” refers to specific, localized instantiations within the broader 
class defined by the acronym. This distinction is functionally essential for numerical modeling and 
simulation architectures, where each zone is treated as an independent object or subregion with unique 
boundary conditions, relativistic parameters, and temporal evolution profiles.

Thus, the terminology reflects a practical necessity: each IFCZ must be identified, differentiated, and 
treated separately within simulations to ensure physical accuracy in modeling inertial frame divergence 
and relativistic effects.

Importantly, these zones are conceptually and physically distinct from Semi-Symmetric Inertial Frame 
Zones (SSIFZs), such as stable disk galaxies where most components co-rotate within a relatively 
coherent inertial frame. In contrast, Chaotic Inertial Frame Zones (CIFZs) correspond to local maxima 
in relativistic frame divergence and spacetime motion. While both represent key features of galactic 
and cluster dynamics, they arise from fundamentally different conditions and must be treated using 



tailored relativistic models. Intra-cluster voids—localized underdensities caused by mergers, feedback, 
or tidal stripping—offer a third distinct category. Each of these regions—SSIFZs, CIFZs, and intra-
cluster voids—requires its own modeling approach to ensure physical fidelity in simulations of 
relativistic structure formation. 

1.3 Gravitational Waves and Relativistic Perturbations

High-density environments such as galaxy clusters are expected to host a stronger and more persistent 
background of gravitational waves, generated by ongoing mergers, close galactic interactions, and 
dynamic mass movements [38]. Although each individual wave may be low in amplitude, their 
collective influence may introduce subtle yet persistent fluctuations in spacetime curvature. These 
effects may be further amplified through constructive and destructive interference patterns. Over 
cosmic timescales, such perturbations may cumulatively alter local gravitational potentials, thereby 
disrupting otherwise predictable orbital dynamics.

Importantly, these effects may not remain confined to micro-scales: in contrast to the relatively stable 
environments of isolated spiral galaxies, time dilation in clusters may be affected on significantly 
broader spatial and temporal scales. Constructive interference among gravitational waves converging 
from multiple sources may amplify local spacetime perturbations, intensifying relativistic effects in 
merger zones or dense cluster cores. 

While current models of gravitational wave backgrounds, such as those discussed in [39–40], describe 
the superposition of signals from numerous overlapping sources, they do not explicitly address 
coherent interference effects. To our knowledge, no existing models have simulated the effect of 
gravitational wave interference on gravitational lensing offsets in galaxy clusters—a possibility this 
framework introduces as a novel, testable relativistic hypothesis. However, in extreme environments—
such as galaxy clusters—conditions may arise where phase-aligned interactions could locally intensify 
spacetime curvature. Such amplification could contribute to gravitational anomalies traditionally 
attributed solely to dark matter. This behavior is conceptually analogous to classical wave 
superposition, where constructive and destructive interference modulate amplitude and energy density 
[41] (see Figure 9 for a conceptual depiction of intersecting gravitational wave interference). 



Figure 9. Conceptual illustration of intersecting gravitational waves emitted from supermassive black holes at 
the centers of two galaxies within a cluster. The ripple patterns symbolize gravitational wave propagation 
through spacetime, visually representing both constructive and destructive interference. While this illustration is 
inspired by transient wave interactions (Section 1.3), the principle applies more broadly to overlapping 
gravitational wave phenomena, including persistent stochastic backgrounds discussed in Section 1.4. This figure 
is intended solely as a conceptual hypothesis, not a mathematically derived or observational model. 

1.4 Interacting Galaxies, Overlapping Time Dilation Fields, and Interference from Persistent 
Gravitational Wave Backgrounds

During and following mergers, or within clusters and other dense environments, galaxies in close 
proximity may produce overlapping gravitational time dilation gradients arising from the combined 
influence of enclosed mass and central supermassive black holes. These superimposed curvature fields 
can generate compounded relativistic effects, increasing local spacetime curvature in ways not captured 
by linear approximations. Unlike the relatively smooth gravitational environments of isolated spirals, 
such overlapping potentials may give rise to gravitational chaos zones—dynamically unstable regions 
that disrupt the internal coherence of MOND predictions.

Additionally, persistent stochastic gravitational-wave backgrounds—such as those detected by pulsar 
timing array observations [42]—may interact with overlapping curvature fields through long-
wavelength modulations of spacetime. While qualitatively distinct from the coherent interference of 



transient wave sources, such as mergers or galactic interactions, these overlapping wave-driven 
perturbations could still imprint additional relativistic structure onto dense environments. Over time, 
this compound influence may contribute to gravitational complexity that diverges from classical 
predictions (see Figure 9).

Observational evidence for the superposition of multiple gravitational-wave sources has already been 
reported, most notably in the NANOGrav 15-year data set, which detects a correlated signal consistent 
with a stochastic gravitational-wave background arising from “the superposition of numerous, 
individually unresolvable gravitational wave sources” [42]. While such phenomena are typically treated 
statistically, this framework extends the concept into explicitly relativistic modeling, mapping potential 
localized interference regions and their interaction with cluster-scale curvature fields.

1.5 A Relativistic Approach to Mass–Lensing Displacement in Cluster Collisions

The Bullet Cluster (1E 0657–56) is cited as direct observational evidence for non-baryonic dark matter, 
due to the spatial offset between the X-ray–emitting baryonic gas and the gravitational lensing peaks 
typically interpreted as tracing collisionless mass components. While this interpretation is consistent 
with ΛCDM, it is commonly assumed to be solely attributable to dark matter. However, we propose a 
relativistic possibility: that the observed lensing offset may either partially or fully result from 
constructive gravitational wave interference, amplified during the high-energy merger of galaxy 
clusters [42]. Intense interactions between massive halos and their central supermassive black holes 
(SMBHs) are expected to generate overlapping gravitational wavefronts. Where these wavefronts 
converge coherently, they may transiently deepen local spacetime curvature, producing lensing signals 
independent of particulate mass. Within the scope of this relativistic hypothesis, such interference could 
also produce persistent relativistic asymmetries over cosmological timescales, thereby reinforcing 
gravitational influence in displaced regions. This theory does not reject the existence of dark matter, but 
it invites rigorous investigation into whether some portion of cluster-scale gravitational anomalies may 
instead arise from wave-based relativistic effects. If the magnitude of these effects proves sufficient, 
gravitational wave interference may serve as either a complement to dark matter or, in certain cases, an 
explanatory mechanism in its own right. This interpretation remains grounded in Relativity but expands 
its application to account for dynamic, nonlinear spacetime distortions typically excluded from static 
lensing models. 

Several relativistic MOND theories underpredict gravitational lensing, particularly within galaxy 
clusters. We suggest that this may result from an underestimation of the complex spacetime dynamics 
inherent to these environments. Specifically, the superposition of overlapping gravitational fields from 
multiple massive galaxies, combined with the chaotic trajectories of enclosed mass, gives rise to 
dynamically unstable and highly curved spacetime geometries. These effects introduce deviations in 
local inertial frames and may enhance curvature gradients through relativistic frame dragging and time-
varying potentials. When combined with constructive gravitational wave interference, these nonlinear 
gravitational structures could amplify lensing signals beyond what is predicted by baryonic mass alone. 
This mechanism may offer a relativistic pathway to reconciling MOND-like models with observed 



cluster-scale lensing, while remaining within the framework of General Relativity. Alternatively, such 
effects may act in concert with dark matter, jointly shaping the observed gravitational landscape in 
dense cosmic environments. 

1.6 Contextualizing Post-Newtonian Tensions in Relativistic MOND Frameworks

Relativistic MOND theories have faced empirical challenges, particularly in matching post-Newtonian 
constraints derived from Solar System tests. However, these constraints apply to weak-field, high-
potential regimes, which differ substantially from the nonlinear, low-acceleration environments where 
MOND-like dynamics are most often invoked. As such, tensions with post-Newtonian results may 
highlight limitations in extrapolating theory across distinct gravitational domains, rather than a 
wholesale invalidation. 

2 Implications and Research Directions

This perspective is offered not as a refutation of dark matter, but as a potential relativistic complement 
that may help clarify certain observational tensions. Within the ΛCDM framework, mass discrepancies 
are typically attributed to the gravitational influence of dark matter halos. Here, the hypothesis suggests 
that relativistic effects—particularly integrated time dilation gradients in the low-gravity outskirts of 
galaxies—may subtly modulate orbital behavior, both instantaneously and cumulatively, across cosmic 
timescales. 

In denser and dynamically complex environments, such as galactic centers or merging clusters, 
overlapping relativistic gradients, gravitational-wave interference, and other nonlinear curvature effects 
described herein could contribute additional structure to the local gravitational field. These influences 
might leave imprints in lensing geometries, velocity dispersion profiles, or inferred halo mass 
distributions that differ slightly from predictions of purely Newtonian halo models.

If full-relativistic simulations demonstrate that such effects consistently produce systematic 
adjustments to inferred mass profiles, they could serve as a valuable refinement within the dark matter 
paradigm—helping to reconcile local anomalies without displacing the central role of dark matter in 
cosmic structure formation. At the same time, should future modeling and observations reveal these 
relativistic contributions to be sufficiently large, they might in some cases provide a self-sufficient 
explanation for specific mass discrepancies, offering a relativistic lens on phenomena traditionally 
attributed to dark matter alone. From this perspective, dark matter may remain the dominant 
explanation for large-scale gravitational phenomena, while relativistic curvature effects offer a fine-
grained correction layer—or, where warranted, a complete account—in the prevailing cosmological 
model.

While these relativistic effects can be integrated into the dark matter paradigm, they may also offer a 
natural explanatory basis for certain empirical relations traditionally highlighted by MOND. 



Likewise, this perspective is offered not as a replacement for MOND but as a potential conceptual 
scaffold beneath it, framing its observational successes within the domain of Relativity. Rather than 
positing a new law for low-acceleration regimes, the hypothesis suggests that MOND-like dynamics 
may emerge as natural consequences of relativistic effects, particularly in the low-gravity outer regions 
of galaxies where integrated time dilation gradients can reshape orbital behavior, both instantly and 
cumulatively (CTDG Effect) over cosmic timescales.

In denser and more dynamically interactive environments—such as galactic centers or merging galaxy 
clusters—gravitational wave interference, overlapping relativistic gradients, and the other nonlinear 
relativistic effects discussed herein may collectively modulate local dynamics. These influences could 
manifest as residual anomalies in mass distribution, orbital coherence, or velocity dispersion profiles. If 
such effects can be demonstrated through full-relativistic simulations to produce consistent distortions 
in inferred mass profiles or rotational curves, they may offer a valuable complement to prevailing 
explanations—whether based on dark matter or modified gravity—potentially refining our 
understanding of mass discrepancies in complex astrophysical systems. 

From this perspective, MOND may not represent a departure from relativistic physics, but rather an 
empirical glimpse into the deeper influence of spacetime curvature—inviting a reinterpretation of 
modified dynamics as emergent from known principles stretched across the vast canvas of galactic 
time.

2.1 Future Research Directions

1. Modeling Asymmetric Inertial Frame Contributions
Develop relativistic models that explicitly account for broken symmetry in inertial frames 
caused by off-center mass distributions, galactic collisions, and orbiting supermassive black 
hole (SMBH) binaries. These asymmetries may yield detectable distortions in orbital dynamics 
and gravitational lensing.

2. Dynamic Relativistic Field Coupling
Investigate how time-varying gravitational fields—from galaxy interactions, gas flows, or 
SMBH activity—nonlinearly couple over time, affecting orbital behavior, lensing geometries, 
and relativistic time accumulation.

3. Relativistic Field Overlap Simulation Frameworks
Establish full-relativistic simulation architectures (e.g., GRChombo, Einstein Toolkit) to resolve 
gravitational time dilation gradients, overlapping curvature fields, and inertial frame divergence 
in cluster environments. These frameworks will support direct testing of the predictive 
pathways detailed in Section 2.2.

4. Time Dilation Gradient Tomography
Develop observational proxies and inversion techniques (e.g., from redshift asymmetries or 



weak lensing distortions) to construct spatial maps of time dilation gradients within galaxies and 
clusters.

5. Gravitational Wave Background Mapping in Clusters
Use pulsar timing arrays, redshift fluctuations, or interferometric techniques to identify long-
wavelength gravitational wave backgrounds that may spatially overlap with cluster-scale 
curvature fields.

6. Pulsar Timing Near Cluster Centers
Identify and monitor pulsars or millisecond pulsars near dense cluster cores as potential probes 
of long-term time drift, relativistic frame-dragging, or curvature shear effects.

7. Relativistic Lensing Reanalysis
Reevaluate gravitational lensing reconstructions by incorporating local relativistic curvature 
effects beyond the Newtonian scalar potential approximation—especially in dynamically 
perturbed or merging systems.

8. Reinterpreting MOND Anomalies via Relativity
Re-express apparent MOND discrepancies in clusters as consequences of relativistic curvature 
gradients and evolving time dilation structures. This approach may help refine or reduce the 
need for exotic mass or modified gravity.

9. Cluster-Scale Coupling with Cosmological Time Gradients
Explore how relativistic effects at the cluster scale—such as CIFZs or time dilation gradients—
may modulate or entangle with large-scale cosmological temporal structures, potentially 
affecting statistical properties of structure formation.

10. Machine Learning Detection of Relativistic Anomalies
Train machine learning models on cosmological and cluster-scale datasets (e.g., SDSS, JWST, 
Euclid) to detect patterns inconsistent with Newtonian + dark matter expectations, which may 
signal unmodeled relativistic contributions.

2.2 Testable Predictions and Simulation Pathways

To transition this framework from conceptual plausibility to empirical validation, the following testable 
predictions are proposed. Each is designed to probe either instantaneous relativistic effects, cumulative 
time-integrated phenomena (CTDG), or both—without requiring mutual exclusivity. These predictions 
offer a pathway for falsification, refinement, or deeper integration with existing dark matter and 
modified gravity models. 

• Proper-Time Divergence in Galactic Disks
Full-relativistic simulations should reveal measurable proper-time offsets between inner and outer 
regions of galactic disks. These effects—both instantaneous (from frame-specific dilation) and 
cumulative (via CTDG)—may contribute significantly to the observed flat rotation curves, potentially 
reducing the inferred need for modified gravity or for massive dark matter halos in certain contexts. 



• Inertial Frame Asymmetry in Galaxy Cluster Mergers
Simulate cluster-scale mergers using numerical relativity tools to resolve the emergence of Chaotic 
Inertial Frame Zones (CIFZs). These zones are expected to exhibit transient shear and persistent 
distortions in inferred mass profiles, velocity dispersions, and lensing geometries.

• Residual Gravitational Wave Interference Effects
In high-energy environments—e.g., black hole mergers within clusters—constructive or destructive 
interference between large-scale gravitational waves and local curvature fields may modulate spacetime 
structure. Simulations should explore both transient and persistent contributions to mass distribution 
and orbital dynamics.

• Reproducing Rotation Curves Without Exotic Matter
Simulations integrating both instantaneous frame effects and cumulative dilation should generate 
synthetic galactic rotation curves that match observations—particularly in low-surface-brightness 
galaxies—without invoking exotic matter components.

• Distinguishability from MOND and TeVeS Models
Compare relativistically-derived dynamics directly against predictions from MOND-like frameworks. 
Emphasis should be placed on lensing asymmetries, velocity dispersion fields, and halo profile 
deviations to isolate unique relativistic signatures.

• Secondary CMB Anisotropies from Relativistic Nonlinearities
Investigate whether cluster-scale relativistic phenomena—such as CIFZs or large-scale curvature 
gradients—could imprint secondary anisotropies on the Cosmic Microwave Background (CMB), 
especially via subtle coupling into structure formation.

3 Experimental Pathways to Validation or Falsification

This section focuses on experimental pathways designed to empirically validate or falsify the Temporal 
Gradient Dynamics (TGD) framework at galactic cluster scales. It outlines conceptual and 
observational approaches capable of probing cumulative and instantaneous relativistic time-dilation 
gradients across these large-scale structures. The goal is to provide a foundation for testing TGD 
predictions beyond the solar system, highlighting methods that can bridge accessible measurements 
with cluster-scale phenomena. 

3.1 Gravitational Redshift Mapping in Cluster Cores and Lensing Fields

High-resolution spectroscopic surveys of strongly lensed background quasars and galaxies can be used 
to construct spatial redshift profiles across massive galaxy clusters. In standard lensing models, 
gravitational redshift variations are expected to follow symmetric patterns aligned with baryonic and 
dark matter distributions. However, if persistent gravitational wave backgrounds exist—generated by 
supermassive black hole binaries, galactic mergers, or dynamic mass motions—they may induce long-
term, low-amplitude perturbations in the spacetime metric. These overlapping waves could subtly 



distort local time dilation fields, producing asymmetric or drifted redshift patterns beyond classical 
expectations. Mapping such anomalies may reveal not only integrated spacetime curvature but also the 
imprint of gravitational wave interference, offering an indirect probe of persistent relativistic activity in 
dense astrophysical environments. This would support the hypothesis that both time dilation gradients 
and gravitational wave fields shape the observational signatures typically attributed to mass alone. 

Instruments such as JWST, Hubble Space Telescope, and the upcoming Extremely Large Telescope 
(ELT) provide the resolution and spectral sensitivity required to map such fine-grained redshift 
structures across cluster lenses [32]. For example, JWST’s NIRSpec and NIRCam, along with Hubble 
Frontier Fields lensing campaigns, enable high-precision redshift mapping of strongly lensed 
background galaxies [43, 44]. The ELT, with its integral field spectroscopy, will further enhance the 
ability to detect subtle redshift drifts and asymmetries across cluster cores. These observational 
capabilities make it feasible to empirically test whether time dilation fields exhibit persistent distortions 
inconsistent with purely mass-based gravitational lensing models. 

3.2 Relativistic Frame-Dragging in Cluster Environments: Beyond Isolated Kerr Signatures

The Kerr solution is the exact solution to Einstein’s field equations describing a rotating, uncharged 
black hole in vacuum. It predicts a stationary, axisymmetric spacetime fully characterized by only two 
parameters: mass and spin. This idealized model underpins most theoretical expectations for black hole 
behavior, including frame-dragging and orbital precession effects.

However, real astrophysical environments—such as dense galactic bulges and dynamic cluster cores—
often violate key assumptions of the Kerr solution, raising the possibility of observational deviations.

This section explores whether orbital precession, asymmetries, or phase lags in stellar orbits near 
supermassive black holes (SMBHs)—particularly in dense galactic bulges and cluster environments—
reveal persistent frame-dragging effects that deviate from the idealized predictions of the classical Kerr 
solution. While localized frame-dragging has been experimentally confirmed around Earth (e.g., 
Gravity Probe B), its cumulative or environment-modulated behavior in regions of extreme spacetime 
curvature remains observationally unresolved. 

Instruments like GRAVITY and the upcoming ELT offer unprecedented resolution to probe these 
effects near Sagittarius A and other galactic cores [31, 32]. In galaxy clusters and systems hosting 
SMBH binaries, overlapping gravitational potentials and dynamic mass distributions can break the 
axisymmetry and isolation assumptions inherent to Kerr geometry, potentially leading to observable 
deviations in orbital dynamics and relativistic field signatures. These environments also offer a unique 
opportunity to test whether relativistic frame-dragging and curvature effects are additive in nature—
following linear superposition—or whether they interact non-linearly to produce emergent dynamical 
structures. Such findings could indicate that time-asymmetric, non-stationary relativistic fields—
beyond Newtonian gravity—play an active role in shaping disk morphology and localized stellar 
dynamics, empirically supporting the broader hypothesis that relativistic field structure governs the 
architecture of dense galactic environments.



3.3 Gravitational Wave Background and Time Dilation Gradient Effects on Timing 
Synchronization

Monitor pulsar timing arrays (e.g., NANOGrav, EPTA) and deep-space clock arrays for 
synchronization anomalies potentially induced by both low-frequency gravitational wave (GW) 
backgrounds and overlapping gravitational time dilation gradients [42, 45, 46]. Unlike transient GW 
events, the stochastic GW background may produce persistent, anisotropic distortions in local time 
flow. When coupled with spatially varying gravitational potentials—particularly in clustered or 
interacting galaxies—these overlapping relativistic fields could compound timing irregularities. If such 
modulations correlate with galactic structure or proximity effects, they would provide empirical 
support for the hypothesis that time itself—distorted by extended relativistic interactions—contributes 
meaningfully to the evolution of stellar dynamics. Detecting these temporal discrepancies could reveal 
an overlooked macroscopic influence of relativity in environments often modeled through Newtonian 
approximations.

3.4 Numerical Relativity for Curvature Gradient Modeling

The modeling of gravitational time dilation gradients in dynamically evolving cluster environments 
requires a departure from Newtonian or quasi-linear approximations. Recent reviews—such as 
Aurrekoetxea, Clough & Lim (2025)—demonstrate that only fully nonlinear numerical relativity 
frameworks can capture the curvature complexity arising from overlapping gravitational fields, 
gravitational wave interactions, and asymmetric relativistic inertial frames [9].

However, these methods have not yet been extended to track cumulative proper time divergence on a 
per-object basis across gigayear scales. Incorporating such capabilities into next-generation simulations 
would offer a direct pathway to test the relativistic contributions proposed here. This makes numerical 
relativity not only compatible with, but essential to, the validation of the hypothesis presented in this 
paper. 

3.5 Probing Instantaneous and Cumulative Time Dilation in Galaxy Clusters Using GRChombo

GRChombo, a modern, open-source numerical relativity code, offers a uniquely powerful platform for 
modeling both instantaneous and cumulative relativistic effects in astrophysical and cosmological 
environments. Its ability to evolve the full spacetime metric—including the lapse function, shift vector, 
and spatial curvature—makes it especially well-suited for studying proper-time divergence across 
extended structures such as galaxy clusters. The lapse function governs the local flow rate of proper 
time relative to coordinate time; by integrating this quantity along the worldlines of tracer particles or 
defined grid regions, one can reconstruct both instantaneous time dilation and the cumulative proper-
time history per object across dynamically evolving curvature fields.



This capability is central to investigating the Cumulative Time Dilation Gradient (CTDG) hypothesis, 
which proposes that gravitational potential differences across overdense and underdense regions may 
lead to observable variations in clock rates and accumulated time over galactic orbital scales. 

Although GRChombo does not natively track per-object proper time, it outputs all necessary quantities 
to compute it—either through custom instrumentation during runtime or post-processing of lapse 
evolution. Combined with its adaptive mesh refinement (AMR) and parallel scalability, and 
gravitational wave (GW) extraction further enhances its suitability for modeling structure formation, 
merger dynamics, and radiation signatures across both small and large-scale regimes. GRChombo 
enables high-resolution, physically consistent simulations of structure formation, offering a robust 
numerical framework for validating both short-term relativistic timing effects and long-term proper-
time divergence in galaxy cluster analogs.

While GRChombo has seen extensive use in modeling compact object mergers and scalar field 
cosmology, it remains underutilized in standard cosmological models in several key areas—particularly 
for large-scale structure formation, galaxy rotation curve modeling, unexpectedly evolved early-
universe galaxies, and the relativistic structure of cosmological expansion itself. This is evident from 
the predominance of Newtonian and weak-field GR tools (e.g., Gadget-2, RAMSES, gevolution) in 
simulations across these domains. These areas could substantially benefit from GRChombo’s ability to 
evolve the full spacetime metric, enabling direct simulation of proper-time divergence, nonlinear 
curvature dynamics, and the cumulative imprint of relativistic effects across cosmic scales [47]. 

This paper highlights a largely untapped capability of the code: its potential to simulate both 
instantaneous and cumulative relativistic effects within realistic cosmological environments. As such, 
GRChombo offers a powerful, metric-consistent platform for empirically validating the Cumulative 
Time Dilation Gradient (CTDG) hypothesis and related relativistic frameworks. 

4 A Growing Body of Observational Evidence Supporting Extended Relativistic Modeling 

To reinforce the core assertion of this framework, we conclude by consolidating the key empirical 
evidence supporting the underquantification of relativistic effects in standard model assumptions. This 
paper maintains that relativistic effects have been significantly underrepresented in conventional 
modeling. This position is supported by multiple foundational observations, including the Pound–
Rebka experiment, which confirmed gravitational redshift [4]; the Hafele–Keating experiment, which 
demonstrated proper time divergence in airborne atomic clocks [3]; and the Global Positioning System, 
which requires ongoing relativistic corrections to maintain synchronization [5]. These GPS-based time 
corrections reveal variations across relatively small terrestrial altitude and velocity differences—
spanning several orders of magnitude—despite occurring within weak gravitational fields. Extrapolated 
to galactic and cosmological contexts, this suggests that cumulative relativistic effects may be far more 
significant than currently acknowledged. Additional support is found in David Wiltshire’s timescape 
cosmology, which proposes that apparent cosmic acceleration may result from regional time dilation 
gradients and is consistent with Type Ia supernova observations [15, 16]. 



4.1 Relativistic Light Propagation Across Gravitational Potentials: Implications for Orbital 
Dynamics and Time Gradient Modeling

The Sun’s gravitational deflection of light provides a rigorously validated demonstration of the 
necessity for relativistic corrections in modeling orbital and photon trajectory dynamics. In this case, 
photons—massless and traveling at light speed—exhibit curved trajectories near massive bodies due to 
spacetime curvature, a phenomenon unaccounted for by Newtonian physics. Importantly, this effect 
must also be true for any gravitational influence, not just near highly massive objects. The curvature of 
a photon's path—and the dilation of time it experiences—arises from the local gravitational potential 
relative to the observer. Conversely, when photons traverse regions of weaker gravity compared to the 
observer’s frame, they appear to experience a relative advance in coordinate time (as seen in 
gravitational redshift/blueshift and time delay phenomena). This symmetry highlights that light 
propagation and timing are influenced across the full range of gravitational environments, reinforcing 
the need to include relativistic spacetime geometry in large-scale models. As such, the inclusion of 
relativistic time dilation effects—both instantaneous and cumulative—across varying gravitational 
potentials is not only consistent with General Relativity, but constitutes a necessary extension of its 
application when modeling galactic dynamics, gravitational lensing, and large-scale structure formation 
[48]. 

4.2 Additional Empirical Evidence Indicating a Need for Relativistic Modeling

• The Shapiro time delay, where radar signals passing near massive bodies such as the Sun are 
delayed due to spacetime curvature, in agreement with General Relativity [49].

• Gravitational lensing time delays, where multiple images of quasars show measurable 
differences in arrival time due to relativistic path variations [50].

• The frame-dragging effect (Lense–Thirring), confirmed by missions such as Gravity Probe B 
and LAGEOS satellite observations [30].

• Binary pulsar orbital decay, such as that observed in the Hulse–Taylor binary pulsar, matches 
predictions of gravitational wave energy loss in General Relativity [51].

• Cosmological redshift reinterpretations, where time dilation effects over cosmological scales are 
proposed as contributions to apparent acceleration [52], [53].

Collectively, these observations reinforce the plausibility that relativistic time dilation gradients—
especially when integrated over galactic or cosmological timescales—may play a more substantial role 
in observed large-scale dynamics than currently acknowledged.

In addition to direct observational evidence, theoretical work on relativistic averaging in 
inhomogeneous cosmology—such as Buchert’s foundational analysis of backreaction and non-uniform 



temporal evolution [54]—illustrates that variations in gravitational potential can, in principle, lead to 
differences in clock rates across large-scale structures. 

5 Theoretical Synthesis and Testable Implications 

This extension advances the hypothesis that MOND’s known limitations in cluster-scale environments 
may not signal a failure of modified dynamics, but rather point toward relativistic complexities that 
have yet to be fully accounted for. Specifically, cumulative time dilation gradients, gravitational wave 
interference, and overlapping relativistic fields within clusters may contribute to orbital deviations that 
MOND alone does not resolve. Far from refuting MOND, this perspective invites its reinterpretation as 
a window into the deeper, time-integrated structure of Relativity.

While the proposal remains conceptual, its implications are testable. The cumulative influence of 
relativistic effects over galactic timescales—especially in dynamically active, high-density regions—
offers a potential explanatory bridge between MOND’s empirical successes and its current outliers. 
This framework does not discard modified dynamics, but reframes them as emergent features of 
spacetime curvature under conditions of complex relativistic interference.

Ultimately, this approach reinforces the view that galactic dynamics may be governed not solely by the 
distribution of mass, but also by the distributed flow of time itself. Cluster environments, where 
relativistic interactions accumulate and interfere over epochs, offer a promising laboratory to 
investigate these effects. Future research—through simulation, gravitational wave mapping, and 
relativistic corrections to MOND models—may clarify whether time, quietly curved and compounded, 
plays a more active role in shaping the cosmos than previously recognized.

Importantly, this hypothesis is not positioned in opposition to the ΛCDM framework. Rather, it remains 
fully open to the possibility that many of the structural discrepancies within ΛCDM may find 
resolution through the more complete incorporation of relativistic effects. By enhancing relativistic 
fidelity in existing models—rather than discarding them—this approach seeks to refine ΛCDM’s 
predictive accuracy while preserving its broad empirical strengths. In this view, relativistic corrections 
may act not as a replacement, but as a complementary refinement within ΛCDM’s existing architecture.

The framework presented here is conceptual in scope and intended to stimulate formal investigation of 
relativistic contributions to structure formation. 

6 Final Positioning

To conclude, we summarize the broader interpretive stance the TGD framework adopts in relation to 
current gravitational models. This paper neither confirms nor denies the existence of cosmological 
expansion, dark energy, dark matter, or modified gravity. Rather, it remains open to all possibilities 
pending a fully quantified treatment of relativistic effects across galactic and cosmological scales.



Consistent with methodological parsimony and Occam’s razor, this work adopts the principle that the 
explanatory capacity of established and empirically verified frameworks—particularly Special and 
General Relativity—should be fully exhausted before invoking additional physical entities or 
speculative extensions. Within this context, we reinterpret the empirical successes of both Modified 
Newtonian Dynamics (MOND) and the dark matter paradigm through a relativistic lens, proposing that 
part of their predictive strength may arise from previously underestimated time-dilation effects.

Crucially, we suggest that several long-standing tensions within both approaches may be alleviated 
through a more comprehensive and scale-spanning application of relativistic principles, including both 
instantaneous and cumulative time dilation effects. This work therefore positions itself not in 
opposition to existing models, but as an integrative framework—grounded in Relativity—that seeks to 
bridge current paradigms through deeper attention to the role of time and curvature in large-scale 
structure. 

7 Conceptual Perspective: Historical Reflection on Innovation in Physics 

Science does not advance solely through mathematical rigor; it also progresses through imagination, 
refinement, and the gradual reconciliation of conceptual insight with formalism. The following 
reflection is offered not as a justification, but as an invitation—to consider the long history in which 
conceptual breakthroughs precede, challenge, and ultimately reshape mathematical structure.  

While developing the theoretical foundations that would become General Relativity, Albert Einstein 
was not initially proficient in the advanced mathematics required to formalize his insights. Contrary to 
popular mythos, Einstein did not single-handedly derive the Einstein field equations purely from 
physical intuition. Instead, the historical record reveals that he struggled with the sophisticated 
mathematical language necessary to describe curved spacetime [55].

In the early 1910s, Einstein initially rejected tensor calculus, believing it to be overly complex and 
perhaps unnecessary for the formulation of a relativistic theory of gravitation. It was only through the 
persistent collaboration and support of his university friend and mathematician Marcel Grossmann that 
Einstein gradually began to understand and adopt the mathematical formalism essential to his work. 
Grossmann introduced Einstein to Riemannian geometry and the absolute differential calculus 
developed by Ricci and Levi-Civita. Their joint 1913 publication, known as the Entwurf paper, 
represented an early attempt at a relativistic theory of gravity, though it employed incorrect field 
equations and lacked general covariance.

Einstein's reluctance to embrace tensor calculus delayed the final formulation of General Relativity by 
several years. When he ultimately published the correct form of the Einstein field equations in 
November 1915, he had only just reconciled the mathematical structure with his physical principles. 
Even then, Einstein did not initially believe that the equations could be solved exactly due to their non-
linear complexity.



Surprisingly, within weeks of Einstein's publication, Karl Schwarzschild, serving as a physicist in the 
German army during World War I, sent Einstein the first exact solution to the field equations. The 
Schwarzschild solution described the spacetime geometry outside a spherically symmetric, non-rotating 
mass, laying the mathematical groundwork for what would later be recognized as black holes. Einstein 
was reportedly astonished by the result, having assumed the field equations were too complex to yield 
closed-form solutions.

This historical episode highlights an important lesson: while Einstein's physical intuition was 
extraordinary, his breakthroughs in gravitational theory were deeply reliant on the mathematical 
contributions of others. In particular, Grossmann's guidance and Schwarzschild's solution illustrate how 
progress in theoretical physics often arises through collaboration and a gradual overcoming of 
conceptual and mathematical resistance.

Einstein struggled with key aspects of the advanced mathematics needed for General Relativity. His 
collaboration with Marcel Grossmann—who guided him through tensor calculus and Riemannian 
geometry—was indispensable. Einstein’s extraordinary genius lay not in computational skill, but in his 
deep physical intuition and radical capacity to think conceptually about the universe. 

It is also a reminder that historically, new conceptual frameworks often emerge before their full 
mathematical formulation is available. Einstein himself faced skepticism until the mathematical 
underpinnings of his theory were fully developed and confirmed. This tendency persists in modern 
theoretical discourse, where conceptual innovation is often undervalued until its mathematical structure 
is fully developed. Yet, history repeatedly shows that groundbreaking frameworks often begin as 
intuitive insights awaiting mathematical expression.

Despite his mathematical shortcomings, Einstein introduced the most comprehensive theory of gravity 
we have to date. He is universally regarded as a true genius and is cited across scientific disciplines—
both formally and informally—commanding a degree of historical reverence. Yet if he had presented 
his theory in its early conceptual form today, lacking the mathematical structure Grossmann helped 
formalize, it might initially have faced the same skepticism applied to any incomplete theoretical 
proposal. 

To respect Einstein is to honor the power of conceptual theorizing—the ability to envision profound 
truths beyond immediate formalism. This respect should extend to all who pursue deep theoretical 
insight, reminding us that groundbreaking ideas often begin as bold conceptual frameworks awaiting 
mathematical realization. This reflection serves as a broader call to recognize the value of such 
breakthroughs even when they precede rigorous mathematical expression. 

By fostering a more inclusive and curious research culture, we increase our capacity to identify the next 
great paradigm shift before it is fully formalized. It is in this spirit that the following work is offered—
not as a complete mathematical treatment, but as a foundational framework inviting rigorous 
engagement, expansion, and collaborative refinement. In support of this, the framework presents 
multiple empirical pathways to validation — each offering a concrete opportunity to test, refine, or 
falsify its predictions — and calls for broad collaboration in its formalization, quantization, and 
experimental exploration. 



8 Framework Context

Although this study is self-contained, it arises from and reflects one strand of a broader theoretical 
framework the author is developing, spanning scales from the cosmic to the fundamental. The present 
analysis isolates the general-relativistic elements relevant to time-dilation structure and their potential 
roles across multiple scales—from galaxy-scale phenomena, including rotation-curve anomalies, 
cosmic recession anomalies, and over-mature early galaxies observed by JWST, to cluster-scale 
gravitational environments—where these effects may influence kinematic behavior. While intended to 
stand independently on its own merit, this work should also be viewed as a conceptual waypoint within 
the evolving framework. Broader foundational perspectives, deeper structural considerations, 
multiscale interactions, and extended components of the underlying framework will be presented in 
future dedicated publications, providing a more comprehensive understanding of the Temporal 
Gradient Dynamics (TGD) approach. 

9 Call for Quantitative Exploration

This study presents a formally defined conceptual model designed to motivate quantitative 
investigation and is offered as an open invitation to formal inquiry. The hypothesis remains qualitative 
yet testable: that cumulative gravitational time-dilation gradients, instantaneous relativistic effects, 
gravitational wave interference, and overlapping relativistic fields may influence observed dynamics 
across galactic and cluster scales. At the galactic level, these effects could accumulate over hundreds of 
millions to billions of years to alter stellar dynamics, while at the cluster scale, they may contribute to 
observed MOND deviations and velocity dispersions in high-density environments.

This perspective is fully consistent with Newtonian mechanics in appropriate regimes and Einsteinian 
relativity in curved spacetime. It introduces no contradictions or new physics, but instead emphasizes 
that both cumulative and instantaneous relativistic effects—often overlooked or assumed negligible—
may become relevant when applied across cosmic timescales and large-scale gravitational 
environments. In doing so, it aligns with Occam’s razor, offering a minimal reinterpretation of 
established physics rather than speculative extensions, and may ultimately complement rather than 
contradict MOND, ΛCDM, or alternative frameworks by providing a unifying relativistic layer to long-
term galactic and cluster dynamics.

To formalize these ideas, interdisciplinary collaboration is essential. Suggested modeling directions 
include:

Galactic-scale modeling:

• Per-Object Proper Time Integration: Extend N-body and hydrodynamic frameworks (e.g., 
REBOUND, GalPy, Einstein Toolkit) to track proper time as a dynamically evolving quantity 
per object, incorporating both gravitational and kinematic time dilation over gigayear 
timescales.



• Relativistic Orbital Metrics in Galactic Potentials: Develop orbit-averaged relativistic metrics 
based on empirical or parametric galactic mass distributions (e.g., MWPotential2014), 
integrating local gravitational potential gradients and stellar velocities into temporal evolution 
models.

• Observer- and Frame-Dependent Time Modeling: Implement observer-specific reference frames 
(e.g., solar system, galactic barycenter) to compute clock-rate divergence due to spacetime 
curvature and relative motion.

• Inertial Frame and Acceleration Modeling: Incorporate time effects arising from transitions 
between non-inertial frames and local accelerations, especially in differentially rotating systems 
or eccentric orbital environments.

• Temporal Field Representation: Reconstruct simulation time not as a global evolution parameter 
but as a spatially distributed, dynamically accumulated scalar field (τ), allowing localized time 
gradients to emerge naturally.

• Cumulative Time Divergence Diagnostics: Develop simulation outputs capable of quantifying 
and visualizing proper-time divergence accumulated across stellar populations, enabling 
empirical comparisons with observational baselines such as pulsar timing and redshift drift.

• Gravitational Redshift and Spectral Impact Integration: Link temporal gradients to spectral 
observables by modeling gravitational redshift as an additive component to Doppler motion in 
photon trajectories from outer galactic regions.

• Gravitational Wave Contributions: Although subtle at galactic scales, gravitational wave effects 
may contribute to long-term proper time divergence, particularly in dynamically evolving or 
high-curvature regions.

Cluster-scale modeling:

• Extend relativistic N-body codes to incorporate time-dilation gradients and evolving spacetime 
curvature in cluster environments.

• Develop wave-interference models to simulate the effect of gravitational wave backgrounds on 
local dynamics.

• Integrate relativistic correction terms into MOND-based simulations to assess their impact on 
velocity dispersion and inferred mass profiles.

Interdisciplinary collaboration is encouraged from researchers in:

• Gravitational wave physics, numerical astrophysics, and relativistic simulations

• Cosmological simulations and general relativistic modeling

• Galaxy cluster dynamics and lensing reconstruction

• Pulsar timing arrays and time-domain astronomy

• Experimental gravitation and time synchronization systems



• Alternative gravity frameworks, including MOND, TeVeS, and emergent gravity

• Data analysis and machine learning for large-scale astrophysical datasets

The development, refinement, and validation of this framework will benefit deeply from 
interdisciplinary dialogue across observational, theoretical, and computational domains. Diverse 
perspectives and collaboration are essential for modeling, mapping, and testing spacetime—
gravitationally curved, wave-distorted, and temporally uneven—across cosmic scales. The hypothesis 
awaits refinement, challenge, and formal quantification, offering a rich pathway for future theoretical 
and computational research.
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Author’s Note

The Temporal Gradient Dynamics (TGD) conceptual framework presented here arises from a broader 
theoretical framework the author is developing, one that spans scales from the cosmic to the 
fundamental. Although that wider program includes additional structural and conceptual components, 
the present work focuses solely on classical general-relativistic effects and is intended to stand 
independently on its own merit.

While certain thematic parallels with earlier research—such as Wiltshire’s timescape framework—can 
be identified in retrospect, the formulation presented here constitutes a distinct conceptual synthesis. It 
incorporates relevant insights from prior studies where appropriate while preserving the independence 
and originality of the initial development.

The broader research program from which this hypothesis originates spans multiple domains—
relativistic cosmology, gravitational theory, quantum foundational studies, and conceptual 
investigations into spacetime structure. The present paper focuses exclusively on the classical general-
relativistic component, with the wider theoretical framework still under active development.

A subsequent study (Part II) extends this analysis to the relativistic dynamics of galaxy clusters, 
addressing overlapping gravitational potentials, gravitational-wave backgrounds, and cumulative 
relativistic effects that may contribute to observed kinematic anomalies.

This work is offered in the spirit of rigorous inquiry and constructive scientific dialogue. Researchers 
interested in related questions—such as cumulative relativistic effects, relativistic structure formation, 
quantum–gravitational conceptual links, or foundational issues in particle and field theory—are invited 
to initiate discussion. Collaboration inquiries from experts in relativistic modeling, cosmology, 



quantum foundations, mathematical physics, numerical relativity, geometric analysis, applied 
mathematics, dynamical systems, computational physics, or conceptual theoretical physics are 
welcome and may be explored on a case-by-case basis.

References

[1] Adamek, J., Daverio, D., Durrer, R., & Kunz, M. (2016). gevolution: A cosmological N-body code based on 
General Relativity. *Journal of Cosmology and Astroparticle Physics*, 2016(07), 053.   
https://arxiv.org/abs/1604.06065

[2] Einstein, A. (1905). Zur Elektrodynamik bewegter Körper [On the Electrodynamics of Moving Bodies]. 
Annalen der Physik, 17, 891–921. https://doi.org/10.1002/andp.19053221004
(English translation based on the 1923 Methuen edition, available via University of Oxford Physics Dept.: 
https://users.physics.ox.ac.uk/~rtaylor/teaching/specrel.pdf)

Einstein, A. (1916). Die Grundlage der allgemeinen Relativitätstheorie [The Foundation of the General Theory 
of Relativity]. Annalen der Physik, 49, 769–822. https://doi.org/10.1002/andp.19163540702
(English translation available via Internet Archive: https://ia801204.us.archive.org/5/items/the-foundation-of-
the-general-theory-of-relativity/
The%20Foundation%20of%20the%20General%20Theory%20of%20Relativity.pdf)

[3] Hafele, J. C., & Keating, R. E. (1972). Around-the-World Atomic Clocks: Predicted Relativistic Time Gains. 
Science, 177(4044), 166–168. https://doi.org/10.1126/science.177.4044.166 Accessible version available at: 
https://virgilio.mib.infn.it/~oleari/public/elementi_fis_teorica/materiale_didattico/Hafele-Keating-
predict_observ.pdf

[4] Pound, R. V., & Rebka, G. A., Jr. (1960). Apparent Weight of Photons. Physical Review Letters, 
4(7), 337–341. https://doi.org/10.1103/PhysRevLett.4.337 

[5] National Institute of Standards and Technology (NIST), Putting Einstein to the Test, March 2025, 
https://www.nist.gov/atomic-clocks/a-powerful-tool-for-science/putting-einstein-test

[6] J. D. Bekenstein, Relativistic gravitation theory for the modified Newtonian dynamics paradigm 
(TeVeS), Phys. Rev. D 70 (8), 083509 (2004), https://doi.org/10.1103/PhysRevD.70.083509 Accessible 

version available at: arXiv:astro-ph/0403694

[7] Verlinde, E. (2016). Emergent Gravity and the Dark Universe. SciPost Physics, 2(3), 016. 
https://doi.org/10.21468/SciPostPhys.2.3.016 

[8] C. Barrera-Hinojosa and B. Li, GRAMSES: A general relativistic adaptive mesh refinement code 
for cosmological structure formation. Part II: Initial conditions, JCAP 04, 056 (2020), 
https://doi.org/10.1088/1475-7516/2020/04/056 Accessible version available at: arXiv:2001.07968

[9] J. C. Aurrekoetxea, K. Clough, and E. A. Lim, Cosmology using numerical relativity, Living Rev. 
Relativ. 28, 5 (2025), https://doi.org/10.1007/s41114-025-00058-z Accessible version available at: 
arXiv:2409.01939

https://arxiv.org/abs/1604.06065
https://doi.org/10.1007/s41114-025-00058-z
https://doi.org/10.1088/1475-7516/2020/04/056
https://doi.org/10.1103/PhysRevD.70.083509
https://doi.org/10.1126/science.177.4044.166
https://ia801204.us.archive.org/5/items/the-foundation-of-the-general-theory-of-relativity/The%20Foundation%20of%20the%20General%20Theory%20of%20Relativity.pdf?utm_source=chatgpt.com
https://ia801204.us.archive.org/5/items/the-foundation-of-the-general-theory-of-relativity/The%20Foundation%20of%20the%20General%20Theory%20of%20Relativity.pdf?utm_source=chatgpt.com
https://ia801204.us.archive.org/5/items/the-foundation-of-the-general-theory-of-relativity/The%20Foundation%20of%20the%20General%20Theory%20of%20Relativity.pdf?utm_source=chatgpt.com
https://doi.org/10.1002/andp.19163540702?utm_source=chatgpt.com
https://users.physics.ox.ac.uk/~rtaylor/teaching/specrel.pdf?utm_source=chatgpt.com


[10] M. Milgrom, MOND–a pedagogical review, arXiv (2001), https://doi.org/10.48550/arXiv.astro-
ph/0112069 

[11] R. A. Swaters, R. H. Sanders and S. S. McGaugh, Testing Modified Newtonian Dynamics with 
Rotation Curves of Dwarf and Low Surface Brightness Galaxies, Astrophys. J. 718, 380–395 (2010), 
https://doi.org/10.1088/0004-637X/718/1/380

[12] A. Del Popolo and M. Le Delliou, Surface Density of Disk Galaxies in MOND, Universe 9, 32 
(2023), https://doi.org/10.3390/universe9010032 

[13] I. Banik, M. Milgrom and H. Zhao, Toomre stability of disk galaxies in quasi-linear MOND, arXiv 
(2018), https://doi.org/10.48550/arXiv.1808.10545 

[14] T. Clifton, P. G. Ferreira, A. Padilla and C. Skordis, Modified Gravity and Cosmology, Phys. Rep. 513, 1–
189 (2012), https://doi.org/10.1016/j.physrep.2012.01.001 Accessible version available at: arXiv:1106.2476

[15] D. L. Wiltshire, From time to timescape — Einstein’s unfinished revolution, Int. J. Mod. Phys. D 18, 2121–
2134 (2009), https://doi.org/10.1142/S0218271809016193 Accessible version available at: arXiv:0912.4563

[16] P. R. Smale and D. L. Wiltshire, Supernova tests of the timescape cosmology, Mon. Not. R. Astron. Soc. 
413(1), 367–385 (2011), https://doi.org/10.1111/j.1365-2966.2010.18142.x

[17] I. Labbé et al., A population of red candidate massive galaxies ~600 Myr after the Big Bang, Nature 616, 
266–269 (2023), https://doi.org/10.1038/s41586-023-05786-2  Accessible version available at: 
arXiv:2207.12446 

[18] R. P. Gupta, JWST early Universe observations and ΛCDM cosmology, Mon. Not. R. Astron. Soc. 524, 
3385–3395 (2023), https://doi.org/10.1093/mnras/stad2032 Accessible version available at: arXiv:2309.13100

[19] NASA Jet Propulsion Laboratory. (2019, June 24). NASA tests atomic clock for deep space navigation. 
https://www.jpl.nasa.gov/news/nasa-tests-atomic-clock-for-deep-space-navigation 

[20] Ely, T. A., Koch, T. C., Kuang, D., et al. (2012). The Deep Space Atomic Clock Mission Overview: 
One-Way Radiometric Navigation without Two-Way Communications. Proceedings of the 23rd International 
Symposium on Space Flight Dynamics (ISSFD). https://issfd.org/ISSFD_2012/ISSFD23_OD1_2_abstract.pdf 

[21] Gaia Collaboration (A. Vallenari et al.), Gaia Data Release 3: Summary of the content and survey 
properties, Astron. Astrophys. 674, A1 (2023), https://doi.org/10.1051/0004-6361/202243940 Accessible version 
available at: arXiv:2208.00211

[22] S. R. Majewski et al., The Apache Point Observatory Galactic Evolution Experiment (APOGEE), Astron. J. 
154, 94 (2017), https://doi.org/10.3847/1538-3881/aa784d Accessible version available at: arXiv:1509.05420

[23] X.-W. Liu et al., LSS-GAC – A LAMOST Spectroscopic Survey of the Galactic Anti-center, Proc. IAU 
Symp. 298, 310–321 (2014), https://doi.org/10.1017/S1743921313006510

[24] P. Charlot et al., The third realization of the International Celestial Reference Frame by very long baseline 
interferometry, A&A 644, A159 (2020), https://doi.org/10.1051/0004-6361/202038368

[25] H. Rein and S.-F. Liu, REBOUND: an open-source multi-purpose N-body code for collisional dynamics, 
A&A 537, A128 (2012), https://doi.org/10.1051/0004-6361/201118085

[26] J. Bovy, galpy: A Python Library for Galactic Dynamics, Astrophys. J. Suppl. Ser. (ApJS) 216 (2), 29 
(2015), https://doi.org/10.1088/0067-0049/216/2/29

https://doi.org/10.3847/1538-3881/aa784d
https://doi.org/10.1051/0004-6361/202243940
https://issfd.org/ISSFD_2012/ISSFD23_OD1_2_abstract.pdf
https://www.jpl.nasa.gov/news/nasa-tests-atomic-clock-for-deep-space-navigation
https://doi.org/10.1093/mnras/stad2032
https://doi.org/10.1142/S0218271809016193
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.48550/arXiv.1808.10545?utm_source=chatgpt.com


[27] F. Löffler, J. Faber, E. Bentivegna, et al., The Einstein Toolkit: A community computational infrastructure 
for relativistic astrophysics, Class. Quantum Grav. 29 (11), 115001 (2012), https://doi.org/10.1088/0264-
9381/29/11/115001 Accessible version available at: arXiv:1111.3344

[28] R. N. Manchester et al., The Parkes Pulsar Timing Array Project, PASA 30, e017 (2013), 
https://doi.org/10.1017/pasa.2012.017

[29] S. S. McGaugh, The Baryonic Tully–Fisher Relation of Gas-rich Galaxies as a Test of ΛCDM and MOND, 
AJ 143 (2), 40 (2012), https://doi.org/10.1088/0004-6256/143/2/40

[30] C. W. F. Everitt et al., Gravity Probe B: Final results of a space experiment to test general relativity, Phys. 
Rev. Lett. 106 (22), 221101 (2011), https://doi.org/10.1103/PhysRevLett.106.221101 Accessible version 
available at: arXiv:1105.3456

[31] European Southern Observatory. (2025). GRAVITY instrument on the VLTI: Imaging with 4 mas resolution 
and astrometry at the few × 10 µas level. https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-
instr/gravity/ 

[32] European Southern Observatory. (2018). ELT resolution compared with Hubble and VLT adaptive optics.
https://www.eso.org/public/images/elt-res-comp-ngc3603/ 

[33 alt] E. Pointecouteau and J. Silk, New constraints on modified Newtonian dynamics from galaxy clusters, 
Mon. Not. R. Astron. Soc. 364, 654–658 (2005), https://doi.org/10.1111/j.1365-2966.2005.09590.x

[34] B. Famaey, L. Pizzuti and I. D. Saltas, On the nature of the missing mass of galaxy clusters in MOND: the 
view from gravitational lensing, arXiv:2410.02612 [astro-ph.CO] (v2, 29 Apr 2025), 
https://doi.org/10.48550/arXiv.2410.02612

[35] D. L. Wiltshire, Cosmic clocks, cosmic variance and cosmic averages, New J. Phys. 9, 377 (2007), 
https://doi.org/10.1088/1367-2630/9/10/377

[36] D. Jeong and F. Schmidt, Large-scale structure with gravitational waves. I. Galaxy clustering, Phys. Rev. D 
86, 083512 (2012), https://doi.org/10.1103/PhysRevD.86.083512 Accessible version available at: 
arXiv:1205.1512

[37] N. A. Bahcall, Clusters and superclusters of galaxies, arXiv:astro-ph/9611148 (1996), 
https://doi.org/10.48550/arXiv.astro-ph/9611148 

[38] N. Christensen, Stochastic gravitational wave backgrounds, Rep. Prog. Phys. 82 (1), 016903 (2019), 
https://doi.org/10.1088/1361-6633/aae6b5; Accessible version available at: 
https://par.nsf.gov/servlets/purl/10099866 

[39] Gravitational Wave International Committee (GWIC), The GWIC Roadmap: The future of 
gravitational-wave astronomy, 2021 (rev. 2023), https://gwic.science/gwic-roadmap-2021.html 

[40] A. Sesana, A. Vecchio and C. N. Colacino, The stochastic gravitational-wave background from massive 
black hole binary systems: implications for observations with Pulsar Timing Arrays, Mon. Not. R. Astron. Soc. 
390 (1), 192–209 (2008), https://doi.org/10.1111/j.1365-2966.2008.13682.x 

[41] OpenStax. (2022). College Physics 2e (Section 16.10: Superposition and Interference, Figs. 16.33–16.34). 
OpenStax. https://openstax.org/books/college-physics-2e/pages/16-10-superposition-and-interference

[42] G. Agazie et al., The NANOGrav 15 yr Data Set: Evidence for a Gravitational-wave Background, 
Astrophys. J. Lett. 951, L8 (2023), https://doi.org/10.3847/2041-8213/acdac6 

https://doi.org/10.3847/2041-8213/acdac6?utm_source=chatgpt.com
https://gwic.science/gwic-roadmap-2021.html?utm_source=chatgpt.com
https://par.nsf.gov/servlets/purl/10099866?utm_source=chatgpt.com
https://doi.org/10.1103/PhysRevD.86.083512
https://www.eso.org/public/images/elt-res-comp-ngc3603/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/gravity/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/gravity/
https://doi.org/10.1103/PhysRevLett.106.221101
https://doi.org/10.1088/0264-9381/29/11/115001
https://doi.org/10.1088/0264-9381/29/11/115001


[43] Rieke, M. J., et al. (2023). Early results from the James Webb Space Telescope Near Infrared 
Camera (NIRCam). Publications of the Astronomical Society of the Pacific, 135(1039), 015001. 
https://doi.org/10.1088/1538-3873/ac9dd6

[44] Lotz, J. M., et al. (2017). The Frontier Fields: Survey Design and Initial Results. The Astrophysical Journal, 
837(1), 97. https://doi.org/10.3847/1538-4357/aa61f6

[45] Arzoumanian et al. (NANOGrav Collaboration) (2023)
The NANOGrav 15-Year Data Set: Evidence for a Gravitational-Wave Background.
The Astrophysical Journal Letters, 951(1), L6.
https://doi.org/10.3847/2041-8213/acdd02 

[46] Antoniadis, J., et al. (EPTA Collaboration) (2023). The European Pulsar Timing Array second data release: 
Searching for gravitational wave signals. Astronomy & Astrophysics, 677, A7.
https://doi.org/10.1051/0004-6361/202346488

[47] Clough, K., et al. (2021). GRChombo: An adaptable numerical relativity code for fundamental physics. 
Journal of Open Source Software, 6(66), 3703. https://doi.org/10.21105/joss.03703 

[48] Will, C. M. (2015). The 1919 measurement of the deflection of light. Classical and Quantum Gravity, 
32(12), 124001. https://arxiv.org/abs/1409.7812 

[49] I. I. Shapiro, “Fourth Test of General Relativity,” Physical Review Letters, vol. 13, no. 26, pp. 789–791, 
1964. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.13.789

[50]  S. H. Suyu et al., “Dissecting the Gravitational Lens B1608+656. II. Precision Measurements of the Hubble 
Constant, Spatial Curvature, and the Dark Energy Equation of State,” The Astrophysical Journal, vol. 711, no. 1, 
pp. 201–221, Mar. 2010. [Online]. Available: https://ui.adsabs.harvard.edu/abs/2010ApJ...711..201S

[51] Weisberg, J. M., & Taylor, J. H. (2005). The Relativistic Binary Pulsar B1913+16: Thirty Years of 
Observations and Analysis. In F. A. Rasio & I. H. Stairs (Eds.), Binary Radio Pulsars (ASP Conf. Ser., Vol. 328, 
pp. 25–32). Astronomical Society of the Pacific. DOI: 10.48550/arXiv.astro-ph/0407149 

[52] D. L. Wiltshire, “Cosmic clocks, cosmic variance and cosmic averages,” New Journal of Physics, 
vol. 9, p. 377, 2007. [Online]. Available: 
https://ui.adsabs.harvard.edu/abs/2007NJPh....9..377W/abstract

[53] D. L. Wiltshire, “What is dust?—Physical foundations of the averaging problem in cosmology,” 
Classical and Quantum Gravity, vol. 28, no. 16, p. 164006, 2011. [Online]. Available: 
https://arxiv.org/abs/1106.1693

[54] T. Buchert, “On average properties of inhomogeneous cosmologies,” General Relativity and 
Gravitation, vol. 32, pp. 105–125, 2000.
doi: https://doi.org/10.1023/A:1001800617177  Accessible version: https://arxiv.org/abs/gr-qc/9906015

[55] Norton, J. D. (1984). How Einstein found his field equations: 1912–1915. Historical Studies in the Physical  
Sciences, 14(2), 253–316. https://doi.org/10.2307/27757535
[Open-access version available at: https://sites.pitt.edu/~jdnorton/papers/Einstein_field_eqn_1-4.pdf] 

https://doi.org/10.2307/27757535
https://arxiv.org/abs/1106.1693
https://ui.adsabs.harvard.edu/abs/2007NJPh....9..377W/abstract
https://arxiv.org/abs/1409.7812
https://doi.org/10.1051/0004-6361/202346488
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.3847/1538-4357/aa61f6
https://doi.org/10.1088/1538-3873/ac9dd6

	3 Summary of Compounding Factors Affecting Proper Time in the Outer Galactic Disk
	6.3 Doppler Measurements vs. Cumulative Relativistic Divergence

	9 Reinterpreting the Acceleration Constant​ in MOND as a Relativistic Time-Gradient Threshold
	9.4 Time-Dilation Dynamics Across Galactic Structure

	14.3 General Relativistic N-Body Simulations
	14.11 Relativistic Signal Analysis Using Existing and Future Probes
	14.11.1 Deep Space Probes as Long-Baseline Validation Tools
	2.2 Testable Predictions and Simulation Pathways
	8 Framework Context
	9 Call for Quantitative Exploration
	3 Summary of Compounding Factors Affecting Proper Time in the Outer Galactic Disk
	6.3 Doppler Measurements vs. Cumulative Relativistic Divergence

	9 Reinterpreting the Acceleration Constant​ in MOND as a Relativistic Time-Gradient Threshold
	9.4 Time-Dilation Dynamics Across Galactic Structure

	14.2 Kinematic Analysis Using Modern Survey Data
	14.3 General Relativistic N-Body Simulations
	Adapting existing astrophysical solvers (e.g., REBOUND [25], GalPy [26], Einstein Toolkit [27]), to include both instantaneous and cumulative general relativistic time dilation terms enables long-duration simulations that account for relativistic effects across both dense galactic cores and extended outer arms. Incorporating these gradients allows researchers to evaluate whether relativistic time asymmetries generate detectable kinematic signatures—such as angular displacement, velocity dispersion, or synthetic "clock drift"—that align more closely with observed galactic dynamics. Such simulations could clarify whether time-based divergence contributes meaningfully alongside gravitational forces to the structure and motion of stellar populations.
	14.11 Relativistic Signal Analysis Using Existing and Future Probes
	14.11.1 Deep Space Probes as Long-Baseline Validation Tools
	Pre-Belt Interstitial Frame Tests
	Differential Analysis and GR Compensation
	Implications for Time-Structure-Based Models
	Extrapolation to Galactic Dynamics

	Purpose of Measurement
	2.2 Testable Predictions and Simulation Pathways
	8 Framework Context
	9 Call for Quantitative Exploration


