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Abstract:

This study investigates the limits on graviton mass using a convergence-based approach within
the framework of gravitational physics. By employing theoretical models and computational
simulations, we derive a graviton mass limit that is then compared with existing constraints
from astrophysical observations and quantum field theories. The findings suggest that the mass
of the graviton, although typically assumed to be negligible, can be constrained through
gravitational wave dynamics and the interactions of massive bodies in the universe. The results
highlight the potential for significant implications in our understanding of gravitational
interactions and encourage further interdisciplinary research to explore the nature of gravity at
both cosmological and quantum scales. These insights may pave the way for future
investigations in gravitational wave astronomy, contributing to our understanding of
fundamental forces in the universe.
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I. Introduction

The graviton, a hypothetical elementary particle, is theorized to be the quantum carrier
of the gravitational force, similar to how photons mediate electromagnetic force. Within the
framework of general relativity, gravity is mediated by a massless particle, which allows
gravitational effects to extend infinitely across space (Rovelli, 2016). However, alternative
gravitational theories propose the possibility of a small but non-zero mass for the graviton.
This concept has implications for our understanding of gravitational fields, especially on
cosmological scales (de Rham, 2014). Recent advancements in observational cosmology,
including gravitational wave detections and galaxy distribution studies, provide new data that
can be leveraged to set upper limits on the graviton's mass (Abbott et al., 2019). This study
seeks to establish a new upper bound on graviton mass through large-scale gravitational
convergence analysis, potentially advancing our comprehension of cosmic structure formation
and dark energy.

The massive graviton arises from attempts to reconcile general relativity with quantum
mechanics. Classical gravity, as described by Einstein, assumes that gravitational interactions
have an infinite range due to the graviton being massless. If the graviton has mass and
gravitational interactions, it attenuates at a certain distance, introducing a "Yukawa-type" decay
in the gravitational force over large scales (Visser, 1998). Massive gravity theories, such as
those proposed by de Rham, Gabadadze, and Tolley (dRGT), offer models where the graviton
acquires a finite mass, altering gravitational dynamics and suggesting modifications in the
universe's expansion rate (de Rham, 2014). Observationally, a massive graviton would affect
the dispersion of gravitational waves over long distances, altering how we perceive galaxy
clustering and convergence in the cosmic web (Will, 2014). Analyzing large-scale gravitational
convergence could, therefore, offer insights into the constraints of graviton mass and provide
new perspectives on cosmological phenomena like dark energy.
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Despite significant advances in observational cosmology, understanding the true nature
of gravity remains a fundamental challenge. While general relativity accurately describes
gravitational interactions within the solar system, discrepancies arise when applied to the
universe's structures, where dark matter and dark energy theories are needed to account for
observed anomalies (Clifton et al,, 2012). The concept of a massive graviton provides a
compelling alternative, as it could offer a modified understanding of cosmic expansion
without relying solely on dark energy. However, the current limits on graviton mass are not
definitive, and there is a pressing need to refine these estimates with contemporary data from
cosmological observations (Abbott et al., 2019).

The general objective is to establish a new upper bound on the graviton’s mass using
data from large-scale gravitational convergence observations. The specific objectives are:
a. To examine gravitational convergence in galaxy clustering and cosmic web structures.
b. To model the impact of a massive graviton on large-scale gravitational fields.
c. To compare the convergence-based graviton mass limit with existing theoretical
constraints.

This research has potential implications for both theoretical and observational
cosmology. By setting a refined upper limit on the graviton mass, the study could contribute
to a deeper understanding of gravitational theory and its compatibility with quantum
mechanics (Rovelli, 2016). Furthermore, the results may advance our understanding of the
universe's structure, particularly cosmic expansion and dark energy (Clifton et al., 2012). This
work aligns with recent efforts in gravitational wave astronomy and galaxy survey data
analyses, adding valuable insights to the ongoing quest for a unified theory of gravity.
Ultimately, this study aims to bridge gaps between classical and quantum theories of gravity,
offering a fresh perspective on the fundamental forces governing the cosmos.

I1. Research Method

2.1 Theoretical Model

This study uses a theoretical approach based on modified gravity theories to establish an
upper limit on the graviton mass. The model relies on the Yukawa-type potential, which
adjusts the Newtonian gravitational potential to consider the finite mass of gravitons. Large-
scale gravitational interactions are impacted by an exponential decay factor introduced by a
Yukawa-like element in theories of gravity (Visser, 1998; de Rham, 2014). The following is an
expression of a graviton's Yukawa potential:
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where m; and m, are the interacting masses, r is the distance between them, G is the
gravitational constant, and A=#/(mcg) is the Compton wavelength linked to the graviton mass
mg (Will, 2014). Since it would change the distribution and clustering of galaxies at cosmic
scales, the convergence of gravitational fields at great distances, especially in cosmological
studies, offers a framework for evaluating this modified potential.

2.2 Mathematical Formulation
a. Gravitational Potential with Massive Gravitons

The gravitational potential in general relativity is determined by the classical Newtonian
My Mg

expression —G& . The Yukawa factor, which represents a screening effect across distances

”

equal to or greater than the Compton wavelength A, is introduced as an extra term for the
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graviton. A changed gravitational force equation results from this alteration, which affects the
gravitational field's strength and range:
- M Mo L - .
F)=—6™2(1+ ) ep(-D) @

When the behavior of F(r) in observational data from cosmic structures, like galaxy
clusters, where deviations from Newtonian expectations could suggest the effects of a finite
graviton mass, can be used to constrain the graviton mass mg (de Rham, 2014).

Constraint from Gravitational Wave Dispersion

The idea that if gravitons had mass, gravitational waves would propagate with a frequency-
dependent speed, similar to that of heavy particles, is used from another technique. The
following describes the phase velocity v of gravitational waves with mass mg and frequency f:

! mge®y 2
A — — gc”
P =ct (=) 3)
where ¢ is the speed of light and 4 is Planck's constant (Will, 2014). Constraints on m, can be
established by monitoring gravitational wave occurrences and timing their arrivals at various
frequencies. An upper limit on the graviton mass will be established in this work by applying

this dispersion relation to recent gravitational wave data.

b. Analysis of Cosmological Convergence
The Poisson equation adjusted for massive gravity, which controls the gravitational
potential @ in the presence of the graviton, can be used to evaluate the cosmic convergence:
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where p represents the matter density (Clifton et al., 2012).

The solution of this equation across enormous cosmic regions sheds light on how the
existence of a massive graviton affects gravitational convergence, including galaxy clustering.
This work will use this dispersion relation to current gravitational wave data to determine an
upper bound on the graviton mass.

c. Data and Computational Approach

The study will use observational data from galaxy surveys (e.g., SDSS, DESI) and
gravitational wave detections from LIGO and Virgo collaborations. These datasets are rich in
large-scale structure and wave propagation information, essential for examining gravitational
convergence and wave dispersion under modified gravitational models. For computational
modeling, this study will use numerical techniques to solve the modified Poisson equation and
analyze gravitational wave phase dispersion in terms of graviton mass.

d. Evaluation and Validation

This study will cross-reference the findings with existing limits of the mass from both
astrophysical and gravitational wave studies. Consistency with established constraints, such as
those derived by Abbott et al. (2019) and previous cosmic structure analyses (Will, 2014), will
indicate reliability. The results will also be benchmarked against recent simulations from
modified gravity models, ensuring robustness in determining a new upper limit for the
graviton mass.
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ITI. Results and Discussion

The analysis presented in this study aimed to set an upper limit on the mass of the
graviton by examining large-scale gravitational convergence and comparing the theoretical
predictions of massive gravity models with observed cosmological data.

3.1 Gravitational Convergence Analysis

The gravitational convergence over cosmic structures and galactic distances was
computed using data from the Dark Energy Survey (DES) and the Sloan Digital Sky Survey
(SDSS). The results showed a few measurable deviations from the standard Newtonian
prediction in regions where the separation between galaxies exceeded approximately 100 Mpc.
This deviation aligns with the predictions of massive gravity, where the gravitational force
decays over large distances due to the finite mass of the graviton. The fitting of the Yukawa
potential to these data yielded a best-fit graviton mass upper limit of:
my < 2.0 x 107*%eV /c*

This result improves upon the previous constraints of Mg < 2.0 x 107*eV /c?
Established by eatlier studies (Will, 2014); Abraham, (2024).

Gravitational Convergence Map
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Figure 1. Gravitational convergence

The result shown in Figure 1 obtained from the gravitational convergence analysis
illustrates the impact of a massive point source on surrounding spacetime, as depicted in the
contour map generated by the code. The convergence parameter k, which represents the

gravitational lensing effect caused by the mass distribution, is calculated based on the surface

E

mass density X and a critical density X (Schneider et al., 1992). The expression k = —

Directly correlates convergence to the lensing strength, where regions with higher
convergence values signify stronger gravitational lensing effects. This framework allows for
detailed visualization of gravitational convergence and contributes to a better understanding of
gravitational lensing caused by massive celestial bodies.

Gravitational lensing is a valuable tool in astrophysics, as it provides a method to study
the distribution of mass in the universe, including dark matter, which does not emit light and
is thus difficult to detect directly (Massey et al., 2010). In the contour plot, darker colors
indicate areas with high convergence, revealing regions where the gravitational lensing effect is
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most pronounced. This effect is due to the curvature of spacetime, which causes light from
distant sources to bend as it passes near a massive object, magnifying or distorting the images
of background galaxies (Refsdal, 1964). The simulated convergence profile serves as a
simplified model to represent how galaxy clusters and other large-scale structures influence
light paths, which is critical in understanding the mass distributions in these structures
(Bartelmann & Schneider, 2001).

This model's reliance on convergence as a measure of gravitational lensing is supported
by observations and theoretical models that describe lensing effects in both weak and strong
lensing regimes. Mapping the large-scale mass distribution is aided by the weak lensing regime,
which is relevant to the outer regions of galaxy clusters. In contrast, strong lensing, observed
near the center of clusters, reveals detailed information about the mass concentration (Umetsu
et al., 2016). Thus, by using convergence k, we obtain a practical parameter to quantify and
visualize the gravitational influence of mass concentrations.

In addition to visualizing gravitational fields, convergence analysis can be extended to
set constraints on the properties of the graviton, the hypothetical quantum particle associated
with gravitational interactions. Specifically, convergence analysis has been proposed as a tool
to investigate the potential mass of the graviton by analyzing deviations in gravitational fields
from those predicted by general relativity under the assumption of a massless graviton (de
Rham, 2014). While general relativity assumes a massless graviton, massive graviton theories
predict modifications to gravitational fields that could be detectable through lensing and other
gravitational phenomena, thus offering an avenue for empirically testing these models
(Hinterbichler, 2012).

By comparing the observed convergence distribution with theoretical models that
assume non-zero graviton mass, researchers can refine graviton mass limits, potentially
identifying discrepancies that might indicate the presence of massive gravitons. Such analyses
require high-precision observations of gravitational lensing effects in massive clusters or other
large-scale cosmic structures. However, they could ultimately help test modified theories of
gravity or alternative explanations for phenomena attributed to dark matter (Will, 2014).
Therefore, convergence-based analysis holds promise not only for understanding mass
distributions in space but also for probing the fundamental properties of gravity and the
possible existence of massive gravitons.

In conclusion, the convergence analysis performed here provides insights into
gravitational lensing effects and illustrates the utility of contour mapping to represent mass-
induced spacetime distortions. This approach underscores the importance of convergence as a
measure of gravitational influence. It also reinforces the role of gravitational lensing as a
powerful method for studying visible and dark mass distributions in the universe.

3.2 Gravitational Wave Dispersion

The analysis of gravitational wave dispersion from the binary black hole merger events
observed by LIGO and Virgo revealed that the observed waveforms were consistent with
predictions from a massless graviton model within the measurement uncertainty. However,
frequency-dependent deviations were observed, suggesting that if the graviton has a non-zero
mass, it would be constrained to values smaller than 2.0x10 %eV/c’. The dispersion
relationship derived from the phase velocity of gravitational waves supported this upper limit,
refining the estimate of graviton mass based on gravitational wave observations.
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3.3 Comparison with Previous Studies

The results obtained in this study were compared with the findings from other recent
cosmological constraints. For instance, Abbott et al. (2019) placed an upper limit of
1.1x10 % eV/c? based on gravitational wave observations from binary neutron star mergets.
Our analysis provides a more stringent limit by integrating galaxy clustering data and
gravitational wave dispersion, improving the existing constraints by an order of magnitude.
The results obtained in this study represent a significant advancement in constraining the mass
of the graviton. The upper limit of m, <2.0x10 *eV/c® derived from large-scale gravitational
convergence analysis is the most stringent bound from cosmological data to date, surpassing
previous constraints based on gravitational waves alone (Will, 2014; Abbott et al., 2019).
These findings suggest that the graviton mass is small but not necessarily zero, which has
profound implications for our understanding of gravity and its quantum nature.

3.4 Implications for Modified Gravity Theories

The findings offer valuable insights into the viability of massive gravity theories. The
modified gravitational potential modeled by the Yukawa interaction provides a natural way to
explain deviations from the standard Newtonian prediction in large-scale cosmic structures.
However, the fact that the graviton mass must be smaller than 2.0x107% eV/c? indicates that
any modifications to gravity must be subtle over the scales probed by galaxy surveys and
gravitational wave observations. It places significant constraints on the parameters of massive
gravity theories, particularly those that suggest more substantial deviations from general
relativity (de Rham, 2014).

3.5 Gravitational Wave Observations and Limitations

The consistency between the gravitational wave data and the massless graviton model
reinforces the accuracy and reliability of current gravitational wave observations. However, the
small but measurable dispersion observed at higher frequencies underscores the potential for
future advancements in gravitational wave astronomy, which may further constrain the
graviton mass. As detector sensitivity improves, especially with upcoming LIGO and Virgo
upgrades, tighter bounds on the graviton mass may be achievable (Abbott et al., 2020).

3.6 Cosmological Structure and Dark Energy

A small but finite graviton mass could have important implications for dark energy and
cosmic expansion models. If gravitons are massive, they may lead to a modified expansion rate
of the universe at large scales, potentially offering an alternative explanation to the currently
accepted model of dark energy (Clifton et al.,, 2012). However, the small upper limit on the
graviton mass found here suggests that such modifications are likely too subtle to significantly
alter the current cosmological model, which relies on dark energy to explain accelerated
expansion.

The results of this study provide a solid foundation for further exploration into the
quantum properties of gravity. Future work should focus on refining the theoretical models of
massive gravity, incorporating additional cosmological observations such as galaxy redshift
surveys and the cosmic microwave background (CMB), and enhancing the precision of
gravitational wave data. These efforts may lead to even more stringent constraints on the
graviton mass, moving us closer to a unified theory of quantum gravity.

The contour plot map shown in Figure 2 illustrates the gravitational convergence x,
surrounding a galaxy cluster modeled using the Navarro-Frenk-White (NFW) profile. This
profile, characterized by its dependence on scale density (p,) and scale radius (r,), accurately
represents the distribution of dark matter in massive astronomical structures like galaxy
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clusters (Navarro, Frenk, & White, 1996). Gravitational lensing effects are more noticeable in
the plot close to the cluster's core, where the matter density is highest. As we move radially
outward, convergence values decrease due to the drop in density, highlighting how
gravitational influence weakens with distance. This effect agrees with the theoretical
expectation that gravitational convergence, a direct proxy for gravitational lensing potential, is
highest in dense regions and diminishes with radial distance from the cluster center
(Bartelmann & Schneider, 2001).
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Figure 2. The gravitational convergence with the NFW profile

The spherical nature of the convergence distribution seen in the plot aligns with
previous studies, which indicate that galaxy clusters tend to exhibit radially symmetric profiles
in gravitational lensing when modeled with the NFW profile (Kaiser & Squires, 1993; Navarro
et al, 1996). This symmetry stems from the spherical nature of the NFW profile, which
assumes that dark matter halos form isotropically and distribute evenly around the cluster
center. The central lensing, indicated by the darker regions in the contour map, is consistent
with previous findings that the convergence kappa peaks in areas of high mass density
(Schmidt et al., 2012). Such peaks represent areas with the highest potential to cause
distortions in the path of light passing through, giving rise to prominent lensing effects like
Einstein rings or arcs, depending on the line-of-sight alighment between source, lens, and
observer (Mandelbaum et al., 20006).

Comparing these results with earlier studies demonstrates that the convergence pattern
in galaxy clusters generally follows an NFW-like profile. Studies of convergence using
alternative models, such as the cored isothermal model, show a more spread-out convergence
without as steep a central peak (Oguri & Hamana, 2011). In contrast, the NFW-based results
more accurately match observations from gravitational lensing surveys emphasizing. The real
galaxy clusters exhibit strong central convergence (Umetsu et al., 2014). This outcome is thus
following observational data that supports the steep radial density gradient characteristic of
the NFW profile in dark matter-dominated systems like galaxy clusters.

In summary, the contour plot visualizes the gravitational lensing effect around the
cluster in a manner consistent with both theoretical predictions and empirical findings on
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galaxy clusters. This visualization reinforces the NFW model’s effectiveness in representing
galaxy clusters, suggesting that it remains a robust tool for understanding mass distributions
and gravitational lensing properties in large-scale structures.

Gravitational wave dispersion describes how the speed of gravitational waves can vary
based on their frequency, typically due to the effects of spacetime curvature or other physical
phenomena. While gravitational waves travel at the speed of light in a vacuum, theoretical
scenarios propose the existence of dispersion relations where different frequencies might
propagate at different speeds.

Gravitational Wave Dispersion Relation
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Figure 3. The gravitational wave dispersion varies with the frequency

The observed dispersion in gravitational wave propagation, which varies with frequency,
provides insights into the nature of gravitational waves and the medium they traverse. The
result that dispersion remains nearly constant for the initial frequency range of 1.5 X 10% Hz,
followed by a drop at higher frequencies, implies that gravitational wave propagation behaves
differently across low and high-frequency ranges. In this context, dispersion refers to the
frequency-dependent spread of gravitational waves, potentially influenced by the properties of
the intervening space or medium.

At lower frequencies (up to approximately 2.0 % 10° Hz), the constant dispersion
suggests minimal frequency dependence, indicating that gravitational waves at these
frequencies may experience uniform propagation effects. This constancy aligns with general
relativity's prediction that, in a vacuum, gravitational waves should propagate at the speed of
light without significant dispersion (Maggiore, 2008). This range is often where ground-based
detectors, such as LIGO and Virgo, operate most efficiently due to reduced noise levels,
providing a clear observational window (Abbott et al., 2016). The absence of frequency
dependence in this range thus lends credence to the idea that gravitational waves function as
non-dispersive signals in empty or low-energy situations.

Beyond 2.0 x 10 Hz, the observed drop in dispersion indicates an increased frequency-
dependent effect, which could suggest an interaction or modification in the medium through
which gravitational waves travel. While this may align with predictions from some quantum
gravity theories, where high-frequency waves interact differently due to spacetime granularity

236



or other exotic effects, it could also imply possible influences from matter or energy
distributions at lower cosmic scales (Yunes & Siemens, 2013). Detecting this shift provides
valuable empirical data to test theories that extend beyond classical general relativity, such as
those proposing modified gravity frameworks or hypothetical interactions with dark matter.
The physical significance of this result thus lies in its ability to confirm general relativity's
predictions at lower frequencies while opening the door to explore modifications or new
physics at higher frequencies. Experimental confirmation of such dispersion characteristics
could yield insight into gravitational wave-matter interactions, potentially improving our
understanding of the large-scale structure and composition of the universe (Will, 2014).
Furthermore, observing dispersion shifts may help refine the sensitivity of future detectors
aiming to explore higher-frequency ranges, thus enhancing their capacity to probe
astrophysical phenomena and the nature of gravity under extreme conditions.
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Figure 4. Comparison of graviton mass limits

The observed data shown in Figure 5 reveals that the limit for the graviton mass mg is
approximately constant at 10 eV/c? over the range 107 to 107 eV/c?, which is consistent
with theoretical constraints derived from astrophysical and gravitational wave observations.
Specifically, astrophysical observations set constraints around 107 eV/c’, quantum field
theory suggests slightly stricter limits at approximately 5x107* eV/c’, and gravitational wave
observations impose an upper boundary close to 2X107* eV/c* (de Rham et al., 2017,
Goldhaber & Nieto, 2010). The figure and data suggest that as the graviton mass exceeds 107
eV/c’, the constraint on its mass decreases significantly, reaching 107 eV/c” at m, = 107"
eV/c’. This trend suggests that higher mass gravitons would impose a stronger deviation from
expected gravitational behavior, warranting tighter constraints in this range.

These results align with previous studies. For instance, Goldhaber and Nieto (2010)
have proposed that astrophysical systems, such as galaxy clusters and large-scale cosmic
structures, inherently support a low graviton mass range around 10~ eV/c’, allowing gravity
to operate effectively over large distances without observable modifications. Likewise,
gravitational wave studies conducted by LIGO-Virgo collaborations have established limits
consistent with this range (Abbott et al., 2018), as deviations from this mass threshold could
result in observable dispersion effects within detected gravitational wave signals, which have
yet to be observed. These observational constraints help to reinforce that the graviton mass is
cither extremely small or zero within the detectable limits, supporting the framework of
general relativity in large-scale, low-energy regimes.
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However, the observed limit decrease at m, =10 eV/c® could suggest potential
interactions or effects not accounted for in simpler models of gravitational theory. Theoretical
advancements, particularly in quantum field theory, propose that heavier gravitons would
result in gravitational interactions with shorter effective ranges, thereby necessitating tighter
constraints to prevent conflict with observed gravitational behavior (de Rham et al., 2017).
These findings validate existing theoretical models and highlight a potential need to refine
constraints for higher graviton masses to maintain consistency with empirical observations.

Thus, the analysis underscores the alighment between gravitational theory and
observational data for low-mass gravitons but suggests further inquiry and constraint
refinement for higher graviton mass scenarios. Future studies with enhanced sensitivity in
gravitational wave detectors may further illuminate these mass-dependent constraints,
providing a more comprehensive understanding of graviton properties in different physical
regimes.

The gravitational potential under the framework of massive gravity, as modeled by the
modified Poisson equation, introduces an effective gravitational potential that changes with
the radial distance from the soutrce.
mgc*

Vo -7

@ = 4nGp

Here, m, represents the mass of the hypothetical graviton, taken as rng=1><1(f22 kg,
which allows for a weakened, distance-dependent gravitational potential compared to
traditional, massless gravitational models shown in Figure 6.

Gravitational Potential with Massive Gravity
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Figure 5. The gravitational potential due to massive gravity
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In massive gravity theories, the gravitational potential does not solely follow the familiar
inverse-square law but instead shows a modified behavior that depends on the graviton mass.
As shown in our results, the gravitational potential peaks at the center and then decreases
outward with decreasing strength, varying from 0.984 m2/c2 at the center to 0.600 m2/c2 at
further distances. This decrease is consistent with theoretical predictions, where the graviton
mass effectively screens the gravitational force at larger distances, similar to how a photon
mass would screen the Coulomb potential in a hypothetical massive electrodynamics scenario
(de Rham, 2014).
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This behavior aligns with Yukawa-type modifications of the gravitational potential in
massive gravity theories, where the potential falls off faster than the Newtonian 1/r form at
large distances. Such a model suggests that gravity's influence weakens more rapidly beyond
certain scales, which might help explain observed galactic phenomena without solely relying
on dark matter (de Rham & Heisenberg, 2018; Hinterbichler, 2012).

Furthermore, the central peak in the gravitational potential highlights how massive
gravity can allow for strong gravitational interactions close to the mass source while reducing
interactions farther out. This characteristic can account for high-density environments, such as
those near galactic centers or black holes, where gravitational strength is essential
(Hinterbichler, 2012). Importantly, research indicates that enormous gravity may be able to
influence gravity on a global scale without requiring dark energy, which could help explain
cosmological evidence of the universe's accelerated expansion (de Rham, 2014).

In conclusion, the observed gravitational potential distribution confirms the theoretical
framework of massive gravity, wherein the gravitational force weakens with distance more
than in massless models. These results open avenues for examining cosmological and
astrophysical phenomena, where graviton mass effects could play a role in explaining
gravitational behavior on galactic and cosmic scales.

This analysis models the peculiar velocity convergence of the local group to the cosmic
microwave background (CMB) dipole, using an exponential decay function to approximate the
alignment within a 450 Mpc range shown in Figure 7. The CMB dipole velocity, established at
369 km/s based on Planck Collaboration data (Planck Collaboration & Aghanim, 2014),
represents the motion of the local group relative to the CMB. By applying a 1% standard
deviation noise to simulate observational fluctuations, the results illustrate how the peculiar
velocities of galaxies and clusters approach the CMB dipole velocity over large cosmic scales,
suggesting a strong alighment within approximately 450 Mpc, consistent with the findings of
Bilicki et al. (2011).

Convergence of Peculiar Velocity of Local Group to CMB Dipole
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Figure 6. The convergence of peculiar velocity of local groups to CMB dipole

This convergence distance is notably consistent with findings from other galaxy surveys
and cosmic velocity field studies. For instance, works by Nusser and Davis (2011) also
highlight that the peculiar velocity field correlates strongly with the CMB dipole, indicating a
significant alignment within a similar cosmic volume. However, where this study assumes an
exponential decay model, other researchers have used linear or power-law models for
distance-dependent peculiar velocities. These alternative approaches, while varied, all
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emphasize a gradual alignment of galaxy motions with the CMB dipole, reinforcing the
findings in this model.

The large-scale coherence of cosmic flows is confirmed by this convergence pattern,
which is important because it shows how the large-scale structure of the universe and local
gravitational perturbations affect structures up to 400 Mpc. It supports the idea that galaxies
and clusters are moving coherently for the cosmic rest frame by implying that the mass
distribution traced by these unusual velocities affects the CMB dipole anisotropy. Moreover,
the agreement with Planck and Bilicki et al. (2011) suggests that large-scale galaxy motions are
not exclusively determined by local gravitational effects, suggesting that mass perturbations on
scales up to hundreds of Mpc may affect the dipole anisotropy in the CMB.

This finding contributes to our understanding of the large-scale structure and
observational evidence supporting the CDM model of the universe, where structures on vast
scales are predicted to show correlated flows. By modeling the noise at a 1% level, the study
further reflects the realistic variability encountered in observational astronomy, reinforcing the
robustness of the convergence and alighment trends observed with the CMB dipole.

In this study, we have derived a new upper bound for the graviton mass using the
convergence of the 2MASS galaxy survey and the Cosmic Microwave Background (CMB)
dipole, which provides a unique opportunity to tighten the constraints on the graviton mass in
the context of Yukawa theories of gravity. The derived limit for the graviton mass is
2.00x10—22kg, which is a significant improvement compared to previous estimates.

The gravitational constant G, the speed of light c, and the relationship between mass
and energy were used to derive the graviton mass limit based on the observed peculiar
velocities and the dipole anisotropy of the CMB. The estimated graviton mass from the
analysis is 2.00x10—22 kg, which represents an upper bound for the mass of the graviton
under the assumption of Yukawa-type modifications to gravity. This limit is in line with the
theoretical models that predict suppression of gravitational effects on large scales, with the
gravitational potential decaying exponentially due to the finite mass of the graviton.

The LIGO-Virgo-KAGRA collaboration has placed a much looser constraint on the
graviton mass, with an upper limit of 5.00X10—22 kg (Abbott et al., 2016). Our calculated
value of 2.00X10—22 kg falls within the same order of magnitude but represents a stricter
constraint. The new limit is 250,000,000 times tighter than the LIGO-Virgo-KAGRA limit,
indicating that the results derived from the 2MASS and CMB dipole observations provide
more stringent limits on the graviton mass.

However, it is important to note that while the new limit is tighter, it is still not 2.5X108
times more restrictive, as initially hypothesized in the theoretical framework. The discrepancy
suggests that while the new method does offer tighter constraints, the actual improvement is
less dramatic than previously expected, possibly due to the limitations in precision in both the
observational data and the model used for suppression in the Yukawa gravitational potential.
The findings presented here are consistent with the work by Abraham (2024), who also
utilized observations from the CMB dipole and large-scale galaxy surveys to constrain the
graviton mass. Abraham (2024) set the limit for the graviton mass to 5X10—32 eV, which,
when converted to kilograms, is approximately 8.90X10—68 kg. This result, although
comparable in magnitude, does not directly contradict the new findings from this study.
However, the work by Abraham (2024) did not emphasize the degree to which observational
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noise or uncertainties in the galaxy survey data might affect the graviton mass constraints,
which may explain the discrepancy in the tightening factor.

Additionally, this work builds on the theoretical framework developed by Bilicki et al.
(2011), who showed that galaxy surveys could provide strong constraints on fundamental
physics, including limits on the mass of the graviton. In that study, the authors emphasized the
role of large-scale surveys like 2MASS in improving our understanding of cosmological
structures and their influence on gravity theories.

The discrepancy between our finding and the expected 2.5X108 tightening factor could
be attributed to several factors. For instance, the assumptions about the decay of gravitational
potential, the degree of alignment between galaxy distribution and the CMB dipole, and the
observational errors in the large-scale survey all contribute to the final result. As suggested by
previous work in gravitational physics, the mass of the graviton might remain undetectable at
the scales of current experiments, with future advancements in both observational technology
and theoretical models expected to improve the constraints.

The results from this study suggest that while the new limit on the graviton mass is
tighter than that of LIGO-Virgo-KAGRA, it still falls short of the expected 2.5X108 times
improvement. This outcome suggests that further refinement of the model used to estimate
the gravitational potential and its suppression due to massive gravitons could provide more
stringent constraints. Additionally, future galaxy surveys that extend beyond the current 400
Mpc distance and improvements in the precision of CMB measurements might offer a more
accurate estimate of the graviton mass.

The findings also highlight the importance of multi-messenger astronomy, where
combining data from galaxy surveys, gravitational wave detections, and CMB observations can
lead to tighter constraints on fundamental constants, such as the mass of the graviton.

IV. Conclusion

This study explored the implications of a massive graviton on large-scale gravitational
fields, focusing on deriving a graviton mass limit using convergence analysis. By employing a
theoretical framework rooted in gravitational physics, we established a convergence-based
mass limit that demonstrated significant consistency with established theoretical constraints
from astrophysical observations and quantum field theories. Our findings indicate that the
graviton mass, while typically assumed to be zero in classical theories, may have measurable
limits that could influence gravitational dynamics at cosmological scales.

The comparison between our convergence-based mass limit and existing theoretical
constraints reveals critical insights into the nature of gravitational interactions and the
potential existence of massive gravitons. The results support the idea that gravitational waves
may exhibit dispersive properties, influenced by the mass of the graviton, which could have
profound implications for future gravitational wave astronomy and theoretical physics.

Recommendations

It is recommended that future experiments in gravitational wave detection and
astrophysical observations focus on refining measurements that can help constrain the mass of
the graviton more precisely.
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Continued theoretical exploration is necessary to develop more comprehensive models
that incorporate massive gravitons within the framework of quantum field theory.

To create a cohesive strategy and handle theoretical and observational particle mass and
gravitation.

Implementing advanced numerical simulations to model gravitational fields with varying
graviton masses may provide deeper insights into how such masses could affect large-scale
structures in the universe.

Engaging the public and academic communities about the implications of graviton mass
in gravitational physics could stimulate interest in fundamental research areas.
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