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A R T I C L E I N F O A B S T R A C T 

Editor: P. Brax Very Special Linear Gravity (VSL-Gravity) is an alternative model of linearized gravity that incorporates massive 
gravitons while retaining only two physical degrees of freedom thanks to gauge invariance. Recently, the 
gravitational period-decay dynamics of the model has been determined using effective field theory techniques. 
In this study, we conduct a comprehensive Bayesian analysis of the PSR B1913 + 16 binary pulsar dataset to test 
the predictions of VSL-Gravity. Our results place a 95% confidence level upper bound on the graviton mass at 
𝑚𝑔 ≲ 10−19 eV∕𝑐2. Additionally, we observe a significant discrepancy in the predicted mass of one of the binary’s 
companion stars. Lastly, we discuss the broader implications of a non-zero graviton mass, from astrophysical 
consequences to potential cosmological effects.

1. Introduction

Since the pioneering work of Fierz and Pauli [1] in 1939, many 
have struggled to describe massive gravitational models while avoiding 
dangerous pathologies. Massive gravity theories are often plagued by ad

ditional ghost-like degrees of freedom (DOFs), which compromise uni

tarity, as well as discontinuities, such as the van Dam-Veltman-Zakharov 
(vDVZ) discontinuity [2,3], because of which the massless limit does 
not recover General Relativity (GR). Nevertheless, interest in these al

ternatives to GR has grown in recent years due to their potential to 
address some of the major open questions in modern physics, including 
dark energy [4] and cosmological tensions [5]. Moreover, solutions to 
the aforementioned pathologies, such as the Vainshtein mechanism [6], 
have been explored and implemented in various models, for instance, 
the DGP model [7,8] and dRGT gravity [9].

Recently, Alfaro and Santoni proposed a new massive model for 
linearized gravity, which they called Very Special Linear Gravity (VSL

Gravity or VSLG) [10]. The latter is based on a peculiar Lorentz-violating 
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realization developed in 2006 by Cohen and Glashow, denoted Very 
Special Relativity (VSR) [11]. This was originally introduced as an alter

native mechanism for neutrino masses [12], but was soon implemented 
in other contexts and was found to generally enable the description of 
massive gauge DOFs [13,14]. The unique feature of VSR as a Lorentz

violating approach is the absence of additional invariant tensors in the 
structure of the new spacetime symmetry group. This indicates that VSR 
effects cannot be parametrized through spurionic fields and inhevitably 
lead to non-localities [15]. Nevertheless, VSR still allows for a null pre

ferred direction in spacetime, in the sense that there exists a lightlike 
vector 𝑛𝜇 that only gets rescaled under the action of the VSR group. 
Therefore, new VSR-invariant contributions are usually constructed as 
ratios of scalar products containing 𝑛𝜇 both in the numerator and in the 
denominator. Moreover, when working in flat space or in the linearized 
approximation, this term structure allows us to normalize the vector as 
𝑛𝜇 = (1, 𝑛̂), leaving just the generic spatial direction 𝑛̂ to be determined.

Within the massive gravity paradigm, VSL-Gravity exhibits novel fea

tures that could be of interest in various areas of gravitational physics 

https://doi.org/10.1016/j.physletb.2025.139388

Received 23 September 2024; Received in revised form 5 March 2025; Accepted 9 March 2025 

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://orcid.org/0000-0002-7001-0728
mailto:alex.acidjazz@gmail.com
mailto:asantoni@uc.cl
mailto:rafadcnunes@gmail.com
mailto:jackson.said@um.edu.mt
https://doi.org/10.1016/j.physletb.2025.139388
https://doi.org/10.1016/j.physletb.2025.139388
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2025.139388&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Physics Letters B 864 (2025) 139388

2

A. Bonilla, A. Santoni, R.C. Nunes et al. 

and set it apart from other viable candidates. Specifically, it describes 
gauge-invariant, yet massive, gravitons without introducing the usual 
“unhealthy'' DOFs seen in massive gravity formulations. This advantage, 
however, comes at the cost of incorporating a preferred null spacetime 
direction, denoted by the four-vector 𝑛𝜇 , leading to a certain degree of 
anisotropy [11]. Due to the absence of a complete non-linear extension 
of VSL-Gravity, the physical interpretation of 𝑛𝜇 in curved spacetime 
remains unclear. This anisotropy could either be attributed to a cos

mological preferred direction, possibly originating from remnants of a 
primordial magnetic field permeating the Universe [16], or to more lo

cal [17] and fundamental features of spacetime itself [18,19].

Since their discovery by Hulse and Taylor in 1974 [20], binary pul

sars have played a crucial role in testing the predictions of General 
Relativity (GR), serving as the first indirect evidence for gravitational 
waves (GWs), as Taylor & Weisberg showed us in their seminal 1982 
work [21]. Increasingly precise measurements of orbital decay dynamics 
have allowed these systems to be used as powerful tools for discriminat

ing between GR and alternative theories or, at the very least, placing 
stringent constraints on them. Such analyses have already been carried 
out for various models, including more conventional massive gravity 
theories [22] and Galileon models [23].

The aim of this work is to perform a comprehensive statistical and 
Bayesian analysis of VSL-Gravity predictions regarding the orbital decay 
of the PSR B1913 + 16 binary system. Through this analysis, we specifi

cally seek to extract information on the possible values of the graviton 
mass 𝑚𝑔 within the VSL-Gravity framework, while simultaneously plac

ing constraints on this parameter. Further investigation concerning the 
preferred direction 𝑛𝜇 in VSL-Gravity is left for future studies.

The outline of this paper is as follows: In Section 2, we provide a 
brief introduction and description of the formula used for the period 
loss rate in a binary system due to VSL-Gravity gravitational radiation. 
In Section 3, we describe our methodology for analyzing the data and 
present our main results. In Section 4, we interpret the results and dis

cuss their implications in both astrophysical and cosmological contexts. 
Finally, in Section 5, we conclude with some final remarks and future 
perspectives.

2. Gravitational orbital decay in VSL-Gravity

The emission of gravitational waves during the motion of a binary 
system with masses 𝑚1 and 𝑚2 inevitably leads to orbital decay, re

sulting in a decrease in the orbital period 𝑃 and an increase in the 
fundamental frequency of motion, Ω ≡

2𝜋
𝑃

. In a Keplerian system, the 
rate of period decrease, 𝑑𝑃

𝑑𝑡 , is directly related to the energy emission 
rate, 𝑑𝐸

𝑑𝑡 , as: [10,20,24]

𝑑𝑃

𝑑𝑡 
= −6𝜋 𝑏

5
2𝐺

− 3
2

𝑚1𝑚2
√
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𝑑𝐸

𝑑𝑡 
, (1)

with 𝑏 denotes the semi-major axis of the orbit, and 𝐺 is the Newto

nian constant of gravitation. The calculation of the gravitational energy 
emission rate, 𝑑𝐸

𝑑𝑡 , can be approached through various methods. No

tably, in [25], the authors employed effective field theory techniques to 
determine this quantity within the framework of VSL-Gravity. In stan

dard GR, the formula for the period derivative, 𝑑𝑃
𝑑𝑡 , was first derived 

and presented in 1963 by Peters and Mathews [26] and read
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with 𝑇⊙ ≡ 𝐺𝑀⊙∕𝑐3 = 4.925490947 μs [27] and the ``tilde''-masses be

ing equal to 𝑚̃ ≡ 𝑚∕𝑀⊙, with 𝑀⊙ being the solar mass. Equivalently, 
defining 𝛿 ≡𝑚𝑔∕(ℏ Ω), the VSL-Gravity formula is expressed as [25]

Fig. 1. Cumulative shift of periastron time Δ(𝑡) due to the loss of energy in the 
form of gravitational radiation in the system PSR B1913 + 16 for VSL-Gravity. 
These quantities were derived by J. M. Weisberg from data accompanying Weis

berg and Huang 2016 [27].

𝑑𝑃𝑉 𝑆𝐿𝐺

𝑑𝑡 
= −

192𝜋 𝑇
5
3
⊙

5 
𝑚̃1𝑚̃2

𝑀̃
1
3

(
𝑃

2𝜋

)− 5
3 ∑
𝑁𝑚𝑖𝑛

𝑓 (𝑁,𝑒, 𝛿, 𝑛̂). (3)

The sum above is performed over the Keplerian modes, Ω𝑁 =𝑁Ω, of 
the binary motion, where the function 𝑓 (𝑁,𝑒, 𝛿, 𝑛̂) is a complex com

bination of Bessel functions 𝐽𝑁 , which involves the VSL-Gravity mass 
parameter 𝑚𝑔 . The preferred spatial direction, 𝑛̂, also enters this expres

sion and can generally be parameterized by two polar angles, such that 
𝑛̂ = (sin𝛼 cos𝜙, sin𝛼 sin𝜙, cos𝛼), with the orbital motion assumed to lie 
in the 𝑥-𝑦 plane [28]. However, since the focus of this work is on the 
graviton mass parameter 𝑚𝑔 , we neglect the anisotropic properties of 
VSL-Gravity by specifically considering the simplified scenario where 
𝑛̂ ∥ 𝑧̂. As discussed in [25], for small values of 𝛿 < 1, this configura

tion tends to maximize the VSL-Gravity effects, allowing us to derive 
the strongest possible constraints on the graviton mass. The explicit 
expressions for the 𝑓 -functions in (3) are included in Appendix A for 
readability.

Starting from Eq. (3), we can calculate the Cumulative Periastron 
Time Shift (CPTS) and compare it with observations [29]. Given that 
the period time derivative (1) is generally very small in the inspiral 
phase of the binary (∼ 10−12 in our case), we can neglect higher-order 
𝑃 -derivatives and terms 𝑂( [ 𝑑𝑃

𝑑𝑡 ]
2 ), leaving us with the usual leading

order approximation for the CPTS [30,31], such that

Δ(𝑡) ≃ 1 
2𝑃

𝑑𝑃

𝑑𝑡 
𝑡2 , (4)

where 𝑡 represents the time elapsed since the initial observation and 
𝑑𝑃∕𝑑𝑡 is established by equations (2) or (3). Equation (4) provides the 
key formula that will be used in the subsequent analysis for comparison 
with experimental data (Table 1).

3. Methodology and main results

3.1. Data sets and statistical analysis

Measurements of the cumulative periastron time shift in the PSR 
B1913 + 16 system are among the most powerful astrophysical tools to 
analyze how binary systems lose energy through gravitational radiation. 
This makes PSR B1913 + 16 an excellent laboratory for testing both stan

dard and alternative gravitational theories [20,21]. This binary system 
consists of a neutron star and a pulsar in a highly eccentric orbit.

The dataset used in this work includes 29 measurements of the cumu

lative periastron time shift, Δ(𝑡) (equation (4)), spanning approximately 
38.05 years, or 13,897.9 days in Modified Julian Date (MJD), which is 
more suitable for our analysis (see Fig. 1). These data were obtained 
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Table 1
Measurements of Cumulative Periastron Time Shift 
(CPTS). Column 2. Epoch in Years, Column 3. Epoch 
(MJD-39999.5) (d), Column 4. Orbital Phase Shift (s), 
Column 5. Uncertainty (10−8 s). These quantities were 
derived by J. M. Weisberg from data accompanying Weis

berg and Huang 2016 [27].

# Epoch (Yr) Epoch (d) Δ (𝑠) 𝜎Δ (𝑠)

1 1974.78 2331.44613200 0.18 0.259 
2 1974.94 2389.58567500 0.00 0.207 
3 1976.94 3118.59096640 -0.37 0.168 
4 1977.59 3356.64010660 -0.12 0.156 
5 1977.96 3493.59102920 -0.62 0.097 
6 1978.24 3593.39725000 -0.47 0.052 
7 1978.43 3663.48770000 -0.60 0.156 
8 1978.82 3807.54457210 -0.66 0.078 
9 1979.32 3988.42315390 -0.91 0.065 
10 1980.11 4276.53689460 -1.33 0.058 
11 1980.59 4455.47749270 -1.48 0.058 
12 1981.15 4656.38191738 -1.76 0.012 
13 1981.92 4938.35870602 -2.19 0.010 
14 1982.56 5172.53186888 -2.61 0.009 
15 1983.56 5536.55001230 -3.32 0.009 
16 1984.52 5888.61724869 -4.07 0.014 
17 1985.51 6249.72841330 -4.92 0.034 
18 1987.19 6864.06958660 -6.61 0.026 
19 1988.54 7358.57869939 -8.15 0.012 
20 1989.61 7750.69761619 -9.44 0.010 
21 1990.93 8233.57881729 -11.21 0.012 
22 1992.31 8736.80885642 -13.22 0.021 
23 1998.60 11033.64375462 -24.41 0.013 
24 1999.57 11388.61795356 -26.44 0.010 
25 2001.64 12145.40097854 -31.05 0.014 
26 2003.46 12808.19174194 -35.41 0.004 
27 2006.60 13953.54068527 -43.58 0.004 
28 2009.99 15191.26688708 -53.36 0.004 
29 2012.83 16229.38066008 -62.35 0.008 

from [27], where J. M. Weisberg and Y. Huang conducted a relativistic 
analysis of 9,257 pulse time-of-arrival (TOA) measurements from PSR 
B1913 + 16, collected over the last 35 years at frequencies near 1400 
MHz at the Arecibo Radio Observatory. Table 1 presents the data used 
in this analysis and against which we perform our Bayesian analysis.

In order to constrain the free parameters in our models, we em

ploy the Metropolis–Hastings algorithm in an appropriately modified 
version of emcee sampler [32] to generate the chains and the GetDist 
Python package [33] for chain processing, ensuring that they follow the 
Gelman-Rubin criterion for the set of chains to be converged. In confor

mity with the latter, we obtain a Gelman-Rubin factor of 𝑅 − 1 ≲ 10−2. 
The set of scenarios considered for our statistical analysis is the follow

ing:

• GR -- This is recovered in the massless limit 𝛿→ 0, where we have

lim 
𝛿→0

𝑓 (𝑁,𝑒, 𝛿) = 𝑔(𝑁,𝑒) ,

so that the sum in (3) takes the usual GR form

+∞ ∑
𝑁=1

𝑔(𝑁,𝑒) =
1 + 73

24 𝑒
2 + 37

96 𝑒
4

(1 − 𝑒2)7∕2
, (5)

as seen in Eq. (2), where 𝑒 is the eccentricity of the orbit in the 
binary system. In this case, our parameter space is given by 𝜃 ={
𝑃 ,𝑚1,𝑚2, 𝑒

}
. See observational constraints in Fig. 2.

• VSL-Gravity -- In particular, we specialize in the unique case oc

curring when 𝑛̂ lays perpendicularly to the orbital plane, i.e. 𝛼 = 0, 
and the graviton is massive (𝑚𝑔 ≠ 0). Then, the relevant func

tion is 𝑓∕∕ ≡ 𝑓 |𝑛̂∥𝑧̂ (see Eq. (A.2)). Here, our parameter space is 
𝜃 =

{
𝑃 ,𝑚1,𝑚2, 𝑒, 𝛿

}
. See observational constraints Fig. 2.

Table 2
Constraints on the orbital parameters and graviton 
mass at 95% CL.

Parameter GR VSL-Gravity 
𝑃 (d) 0.322997448918(5) 0.32299744892(1)
𝑚1 (𝑀⊙) 1.4415 ± 0.0091 1.589 ± 0.029
𝑚2 (𝑀⊙) 1.3936 ± 0.0087 1.401 ± 0.026
𝑒 0.6171340(7) 0.617134(2)
𝛿 - < 0.754
𝑚𝑔 (eV∕𝑐2) - < 1.1 × 10−19
𝜒2
𝑟𝑒𝑑

2.64 2.75

We assume flat priors for the set of sampled parameters of interest, 
denoted as 𝜃𝑚𝑜𝑑𝑒𝑙

𝑖
, where 𝑖 indicates the number of free parameters esti

mated via Bayesian inference, such that, the common baseline parame

ters in the two models are taken to be: 𝑃 ∈ [0.1 − 0.4], 𝑚1 ∈ [0.8 − 2.0], 
𝑚2 ∈ [0.8 − 2.0], 𝑒 ∈ [0.4 − 0.9] and 𝛿 ∈ [0.001 − 1.0]. The Bayesian anal

ysis implemented in this work utilizes either the maximum likelihood 
Lmax or the minimum 𝜒2

min
, defined by the relationship:

Lmax(𝜃𝑚𝑖 ) = exp
[
−1
2
𝜒2

min
(𝜃𝑚
𝑖
)
]
. (6)

This approach facilitates the best fit for the parameters representing 
each theoretical model against the observed data points, using the chi

squared statistic:

𝜒2
min

(𝜃𝑚
𝑖
) =

𝑛 ∑
𝑘=1

(
Δ(𝑡, 𝜃𝑚

𝑖
)the −Δ(𝑡𝑘)obs

)2
𝜎2
𝑘

, (7)

where Δ(𝑡, 𝜃𝑚
𝑖
)the represents the theoretical CPTS, Δ(𝑡𝑘)obs denotes the 

observed CPTS, and 𝜎𝑘 is the error associated with each data point. To 
calculate the uncertainties, we employ the Fisher matrix formalism. The 
Fisher matrix coefficients, which encapsulate the Gaussian uncertainties 
of the parameters, are computed as:

𝐹𝑖𝑗 =
1
2
𝜕2𝜒2

min
(𝜃𝑚
𝑖
)

𝜕𝜃𝑖𝜕𝜃𝑗
, (8)

where 
{
𝜃𝑖, 𝜃𝑗

}
represents the set of free parameters in each model. By 

inverting the Fisher matrix, we obtain the covariance matrix 
[
𝐹𝑖,𝑗

]−1 =[
𝐶cov
𝑖,𝑗

]
, which yields the errors of the parameters and their potential 

correlations.

3.2. Results and comparison

Table 2 summarizes the key results for the two models, highlighting 
the fit of the main free parameters and their uncertainties at the 95% 
confidence level (CL). Notably, the constraints on the orbital parameters 
when using General Relativity (GR) align with previous studies, such as 
those by Weisberg and Huang [27]. We analyzed PSR B1913 + 16 orbital 
parameters in GR for two reasons: i) to verify that our methodology 
produces results consistent with other approaches. ii) to compare the 
findings between VSL-Gravity and GR, particularly regarding the inclu

sion of graviton mass.

In Fig. 2 (top panel), we observe a strong anti-correlation between 
the masses of the binary system, which is not seen among the other 
parameters. For the VSL-Gravity model, the estimates are less precise 
than those for GR; however, parameters such as period and extent are 
consistent with GR within the uncertainty. In Fig. 2 (bottom panel), 
we see an anti-correlation between the masses of the PSR B1913 + 16 
binary system, with estimates of 𝑚1 = 1.589 ± 0.029𝑀⊙ and 𝑚2 =
1.401±0.026𝑀⊙. These estimates highlight a significant discrepancy in 
the mass of the pulsar companion compared to GR results. This discrep

ancy arises from including the graviton mass 𝑚𝑔 as an additional free 
parameter in VSL-Gravity, in contrast to the four orbital parameters con

sidered in GR. Since we assume 𝑛̂ to be orthogonal to the orbital plane, 
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Fig. 2. Two-dimensional marginalized distribution regions at 68% and 95% CL for the four parameters of the GR model (left panel) and for the VSL-Gravity model 
(right panel), including the graviton mass through the 𝛿-parameter.

Fig. 3. Comparison of the gravitational orbital decay of the binary system PSR 
B1913 + 16 in GR (equation (2)) and VSL-Gravity (equation (3)).

the energy loss rate is independent of the additional VSR parameters. 
Thus, we can neglect the precession of the binary orbit (approximately 
∼ 4.2◦ per revolution [34]), which would otherwise be relevant.

In Fig. 3, we observe the rate of period change (1) as a function of the 
graviton mass (𝑚𝑔) in the VSL-Gravity model, compared to General Rel

ativity. For the latter, the rate remains constant to an estimated value of 
𝑑𝑃GR

𝑑𝑡 = −2.41217× 10−12 since Eq. (2) characterizes massless gravitons. 
In contrast, the curve for VSLG clearly indicates a 𝑚𝑔 -dependence and 
is always above the GR one, implying that the energy loss due to gravi

tational radiation in the binary system is slightly smaller in VSL-Gravity 
than in GR.

In this context, we find from our analysis for VSLG that 𝛿 < 0.754 at 
95% CL, which bounds the graviton mass to 𝑚𝑔 < 1.115 × 10−19 eV∕𝑐2
at 95% CL. Several other methods have been used and studies realized 
in the literature to estimate constraints on the mass of the graviton, 
allowing for comparisons with the upper bound obtained above:

• The LIGO collaboration, using gravitational wave signals from the 
merger of a binary black hole in its first detection known as 
GW150914, achieved a strong upper bound on the graviton mass 
of 𝑚𝑔 < 1.22 × 10−22 eV∕𝑐2 at 90% CL [35]. More recently, using 
information from event GW170104, the LIGO collaboration finds a 

bound on the mass of the graviton of 𝑚𝑔 < 7.7 × 10−23 eV∕𝑐2, un

der the assumption that these hypothetical bosons disperse in the 
vacuum as massive particles [36].

• Using data from the solar system and considering a Yukawa-like 
gravitational potential induced by the graviton mass (as we will see 
in the next section), the authors in [37,38] obtained an upper bound 
of 𝑚𝑔 < 10−23 eV∕𝑐2 at 90% CL. Recently, in an updated review, 
Clifford derives an estimate of 𝑚𝑔 < (6 − 10) × 10−24 eV∕𝑐2 at 90% 
CL [39], while Mariani et al. determined an upper bound of 𝑚𝑔 <
1.01×10−24 eV∕𝑐2 at 99.7% CL using the MCMC methodology [40].

Furthermore, as pointed out by Fienga & Minazzoli, massive gravity 
theories should introduce other modifications in the dynamics of 
the solar system, leading to correlations between the graviton mass 
and the different orbital parameters, as can also be evidenced in 
our case using the PSR B1913 + 16 dataset. For a more extensive 
discussion see [40,41].

• By analyzing the trajectory of the star S2 orbiting Sagittarius A* 
near the galactic center, the authors in [42] estimate 𝑚𝑔 < 2.9 ×
10−21 eV∕𝑐2 at 90% CL, based on a combination of simulations and 
observational data.

• Using the datasets of the binary pulsars PSR B1913 + 16 and PSR 
B1534 + 12, the authors in [43] find the graviton mass bound to 
be 𝑚𝑔 < 7.6 × 10−20 eV∕𝑐2 at 90% CL. Combining individual pul

sar systems, Miao, Shao, and Ma obtain an estimate of 𝑚𝑔 < 5.2 ×
10−21 eV∕𝑐2 at 90% CL, with upper bounds for the singular binaries 
ranging from 𝑚𝑔 < (0.35−6.0)×10−19 eV∕𝑐2, in agreement with the 
order of magnitude in the present work. For a more in-depth review 
of these results, see [44]. Moreover, validity ranges for 𝑚𝑔 are found 
in [22] using binary pulsars in the context of different massive grav

ity realizations. For example, in the case of DGP theory, the allowed 
ranges are 𝑚𝑔 ∈ (2.45− 2.47) × 10−19 eV∕𝑐2 for PSR B1913 + 16 and 
𝑚𝑔 ∈ (0.31 − 1.41) × 10−19 eV∕𝑐2 for PSR J1738 + 0333.

• From the point of view of galaxy clusters, Piórkowska-Kurpas, 
Cao and Biesiada used data from the XMM-Newton Cluster Out

skirts Project (X-COP), obtaining the constraint 𝑚𝑔 < (4.99−6.79)×
10−29 eV at 95% C.L [45].

• Finally, using Planck + BAO + Pantheon + KIDS-1000 data in 
the context of the Extended Minimal Theory of Massive Gravity 
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Table 3
Comparison of the graviton mass bounds obtained in 
this work with respect to other methodologies and ref

erences found in the literature.

System/Scale 𝑚𝑔 (eV∕𝑐2) 𝜆𝑔 (𝑚) Ref 
Binary Pulsars < 10−19 ≳ 1013 This Work 

< 10−19 ≳ 1013 [22] 
< 10−20 ≳ 1014 [43] 

S2 Star < 10−21 ≳ 1015 [42] 
GW150914 < 10−22 ≳ 1016 [35] 
Solar System < 10−24 ≳ 1017 [40] 
Galaxy Clusters < 10−29 ≳ 1023 [45] 
Cosmology < 10−34 ≳ 1028 [46] 

(eMTMG), authors in [46] estimate an upper bound for the gravi

ton mass of 𝑚𝑔 < 6.6 × 10−34 eV∕𝑐2 at 90% CL.

Table 3 concisely summarizes the results of some of the cited works. 
Besides the comparison with alternative methodologies, it also shows 
the consistency of our findings with other results obtained through the 
same method (i.e. binary pulsar analyses). However, note that the esti

mates of graviton mass bounds may depend on the observation length 
scale, as also highlighted in [22].

4. Theoretical consequences

After having presented the methodology to analyze the data and the 
main results, in this section we will review the information obtained, 
focusing on the theoretical consequences of the presence of a graviton 
mass.

4.1. Dispersion relation and GW’s speed

As shown in [10], working in a specific gauge, VSLG leads to a 
Klein-Gordon equation for the ℎ𝜇𝜈 field, implying the following mas

sive dispersion relation

(𝑝2 −𝑚2
𝑔
)ℎ𝜇𝜈 = 0 . (9)

Defining the respective Compton wavelength for the graviton as

𝜆𝑔 =
2𝜋ℏ
𝑚𝑔𝑐 

, (10)

the ``massiveness'' of the gravitational oscillations results in a frequency

dependent velocity 𝑐𝐺𝑊 (𝑓 ) of propagating gravitational waves

𝑐𝐺𝑊 = 𝑐 

√√√√√1 −

(
𝑚𝑔𝑐

2

2𝜋ℏ𝑓

)2

= 𝑐 

√
1 −

(
𝑐

𝜆𝑔𝑓

)2
, (11)

which in turn implies a dispersion for different GW wavelengths, that 
has been used to constrain the graviton mass in [47,48].

In principle, the detection of the deterministic signal from event 
GW170817 has imposed strong limits on the speed of propagation of 
GWs |𝑐𝐺𝑊 ∕𝑐 −1| ≤ 10−16, at a frequency of 𝑓 ≈ 102 Hz [49]. However, 
given the relation of Eq. (11), it is expected that at low frequencies (or 
low energies) the GW signal propagates more slowly than at high fre

quencies (or high energies). In fact, as also pointed out in [10], the 
magnitude of generic VSLG effects is, in this context, related to the pa

rameter 𝑚2
𝑔
∕(2𝜋ℏ𝑓 )2, meaning that the departure from GR should be 

easier to detect in lower frequency ranges.

In Fig. 4 we have showcased the frequency dependence of the 
GW speed 𝑐𝐺𝑊 using as 𝑚𝑔 -value the upper limit coming from differ

ent observational sources: PSR B1913 + 16 (present work: 𝑚𝑔 ∼ 1.1 ×
10−19 eV∕𝑐2), S2 Star at the galactic center (𝑚𝑔 ∼ 2.9 × 10−21 eV∕𝑐2) 
[50], GW150914 event (𝑚𝑔 ∼ 1.22 × 10−22 eV∕𝑐2) [35] and the Solar 
System (𝑚𝑔 ∼ 10−23 eV∕𝑐2) [37].

Fig. 4. Frequency-dependent velocity 𝑐𝐺𝑊 (𝑓 ) of propagating gravitational 
waves, considering 𝑚𝑔 equal to the upper bound value from various analyses. 
The PSR B1913 + 16 label refers to the present work. The horizontal axis is shown 
on a logarithmic scale for clarity.

Fig. 5. Proportion between the speed of propagation of gravitational and elec

tromagnetic waves. The PSR B1913 + 16 tag refers to the present work. Both axes 
are represented in logarithmic scale for convenience.

On the other hand, Fig. 5 shows the behavior of |𝑐𝐺𝑊 ∕𝑐 −1| for the 
different cases presented above (PSR B1913 + 16, S2 Star, GW150914 
and Solar System). In the present work, at a frequency of 𝑓 ≃ 10−4𝐻𝑧, 
we find |𝑐𝐺𝑊 ∕𝑐 − 1| ∼ 0.05, corresponding to 𝑐𝐺𝑊 ≳ 0.95 𝑐. This aligns 
with the forecast made in [51] for ET and DECIGO and could also be 
verified in the future within the bandwidth of the LISA project [52].

It is important to stress that the subliminal velocity of GWs in VSLG 
is directly connected to the massiveness of helicity-2 tensorial DOFs. In

deed, VSL-Gravity features a slight deformation of the two familiar plus 
and cross polarization states of GR. See [10,53,54] for a more extensive 
discussion.

4.2. Yukawa potential

In the static limit, 𝜕𝑡ℎ𝜇𝜈(𝑥) = 0, the solution to the massive equations 
of motion corresponds to the standard Yukawa potential. Thus, the grav

itational potential generated by a mass 𝑀 in this framework becomes 
[25]

𝑉 (𝑟) = −𝐺𝑀
𝑟 
𝑒−𝑚𝑔𝑟 . (12)

From this expression, we can easily identify the interaction or cor

relation length 𝜆 associated with this modified gravitational formu

lation, which coincides with the Compton wavelength of the gravi

ton, 𝜆 = 𝜆𝑔 . Note that our upper bound for the VSLG graviton mass, 
𝑚𝑔 ≤ 10−19 eV∕𝑐2, can be directly translated into the following lower 
bound for its Compton wavelength:

𝜆𝑔 ≳ 1013 m . (13)
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The graviton mass would have significant implications in many con

texts, ranging from astrophysical systems to the large-scale structure 
(LSS) and dynamics of the Universe: i) At galactic-scale level, Zakharov 
et al. [42] use data from two independent groups that track bright S

stars in the direction of Sgr A* at the center of the Milky Way to test the 
Yukawa gravitational potential. In particular, the precision of the astro

metric data for the star S2 [55] is utilized, along with simulations of its 
orbit around the massive black hole Sgr A*, to obtain constraints on the 
Yukawa interaction length, specifically 𝜆 ≳ 1015 m [56]. Since 𝜆 = 𝜆𝑔 , 
this technique provides an upper limit for the mass of the graviton 
around 𝑚𝑔 ≲ 2.9×10−21 eV∕𝑐2 [50]. ii) It is also possible to estimate the 
graviton mass using the dynamical properties of galaxy clusters, associ

ating it with the weakening of the Yukawa-like gravitational interaction 
as distance increases (see, for example, [45]). In this context, Sunyaev--

Zel’dovich data and X-rays have been already used to study the profile of 
the gravitational field in galaxy clusters [57], enabling the possibility to 
use them as robust experimental tools to investigate the massive nature 
of gravity in a model-independent way. iii) One of the most promis

ing explanation for the Universe’s accelerated expansion, alternative to 
dark energy, involves a graviton Compton wavelength comparable to 
the Hubble length 𝑐∕𝐻0, where 𝐻0 is the Hubble constant. Graviton 
masses around 𝑚𝑔 ∼ 10−33 eV∕𝑐2 would lead to a reduction in gravi

tational attraction at large scales, resulting in an effective accelerated 
expansion at the cosmological level, as observed today [58]. The au

thors in [59] estimate 𝑚𝑔 ≲ 4.99 × 10−30 eV∕𝑐2 by studying the tensor 
contribution to the polarization spectrum and anisotropies in the CMB 
temperature in the presence of a non-zero graviton mass. One key result 
is the strong suppression of the CMB spectrum for large values of 𝑚𝑔 . 
Furthermore, the authors of [60] propose a cosmological model based 
on the long-range Yukawa gravitational potential with a massive gravi

ton, where dark matter is not explained in terms of exotic particles but 
rather as a consequence of the interaction between baryonic matter and 
this modified potential. In the latter model, dark energy emerges as a 
self-interaction effect among gravitons. Their estimate of the graviton 
mass, 𝑚𝑔 ≃ 10−33 eV∕𝑐2, leads to a value for the cosmological constant 
of Λ≃ 10−52 m−2.

Other fundamental implications of massive gravity include mitigat

ing cosmological tensions [5] and introducing novel dark matter candi

dates [61,62].

4.3. Early Universe

Cosmic inflation has become a standard paradigm in the study of the 
early Universe. One of its main predictions is the generation of primor

dial gravitational waves (PGWs), which are usually expected to follow 
a nearly scale-invariant spectrum [63]. PGWs are predicted to originate 
from quantum-mechanical perturbations of the metric during inflation, 
and their detection may provide additional evidence that either sup

ports or challenges different proposals within the inflationary paradigm. 
One of the best ways to search for such signatures is through the mea

surement of the tensor-to-scalar ratio 𝑟, which quantifies the relative 
strength of tensor perturbations (related to spacetime fluctuations) com

pared to scalar perturbations (related to density fluctuations). Several 
experiments, such as Planck [64], BICEP/Keck [65] and SKA [66], are 
able to constrain 𝑟 and allow us to obtain information on the energy 
scale of inflation itself. Another possibility is to use GW detectors to 
identify eventual PGW relics. In particular, tensorial modes with non

vanishing masses, and therefore massive gravity theories, are recognized 
to produce peculiar blue-tilted spectra [67], enhancing the possibility of 
detection for higher frequencies.

The PGW signatures, spanning from the CMB scale or ultra-low fre

quencies (ULF) to ultra-high frequencies (UHF) [72] (see, as an example, 
Fig. 6), could also be detectable in the intermediate frequency range [
101 − 104,Hz

]
by current interferometric detectors, such as the ad

vanced Laser Interferometer Gravitational-Wave Observatory (aLIGO) 

Fig. 6. Characteristic strain ℎ𝑐 produced by CGWB contributions from low to 
ultra high frequency, alongside the sensitivities of various detector and ex

periments: CMB anisotropies and polarization (Gray band - left), IPTA, LISA, 
DECIGO, ET, aLIGO, CE & UHF Detectors (Gray band - right). The vertical dashed 
lines represent the characteristic frequencies of the radiation-matter equality 
and BBN epochs. The black solid thick curve corresponds to relics of massive 
PGWs (reproduced from [68]), while the black solid thin curve to massless ones 
(reproduced from [69,70]). The black dotted curve is related to the thermal 
(massless) gravitons contribution (reproduced from [71]). Both axes are repre

sented in logarithmic scale.

Table 4
Relevant detectors for CGWB mea

surements and their respective fre

quency windows, ranging several differ

ent bandwidths: Ultra High Frequency, 
High Frequency, Intermediate Frequency 
and Low Frequency.

Band Range (Hz) Detector 
UHF [

105 − 1015
]

[82,83] 
HF [

101 − 104
]

aLIGO 
DECIGO 
ET 
CE 

IF [
10−4 − 100

]
LISA 

LF [
10−9 − 10−7

]
NANOGrav 
EPTA 
IPTA 

ULF [
10−15 − 10−18

]
BICEP 

[73] and future ones, such as Einstein Telescope (ET) [74], Cosmic Ex

plorer (CE) [75], the DECi-hertz Interferometer Gravitational wave Ob

servatory (DECIGO) [76]. Further interesting opportunities are given by 
the space-based Laser Interferometer Space Antenna (LISA) [70,77,78] 
in the range 

[
10−4 − 100,Hz

]
and, in the nHz band, by collaborations 

like the North American Nanohertz Observatory for Gravitational Waves 
(NANOGrav) [79], the European Pulsar Timing Array (EPTA) [80] and 
the International Pulsar Timing Array (IPTA) [81]. In Table 4 we con

cisely summarize these useful experiments along with their sensitivity 
ranges.

However, PGWs are not the only source for the cosmological gravita

tional wave background (CGWB) [68,84]. An additional origin is given, 
for example, by relic GWs generated by the decoupling of thermal gravi

tons from the hot primordial plasma, which is expected to occur around 
Planck time [69,70] (see Fig. 6). Other processes can, in principle, con

tribute to the CGWB by imprinting their fingerprint within the respective 
frequency windows. Among them, there is radiation-matter equality, 
characterized by frequency 𝑓𝑒𝑞 ∼ 10−17𝐻𝑧, and neutrino decoupling, 
which roughly coincides with the era of the Big Bang nucleosynthesis 
(BBN) 𝑓𝐵𝐵𝑁 ∼ 10−11𝐻𝑧. Interestingly enough, we note that, as already 
pointed out by Vagnozzi & Loeb in [71], the detection of a thermally
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induced component of the CGWB may have serious consequences for 
the inflationary paradigm itself.

At the moment, it is not fully understood how VSL-Gravity would 
specifically affect these cosmological scenarios because a first-principle 
derivation, which we plan to carry out in the future, is still missing. 
Nevertheless, we expect that, especially for cosmology and the early 
Universe, a more in-depth analysis concerning a non-linear VSLG exten

sion might be required.

5. Final remarks

In this paper, we established upper bounds on the graviton mass 
within the framework of VSL-Gravity. Using 29 data points from the 
Cumulative Periastron Time Shift Δ(𝑡) of the Hulse & Taylor binary pul

sar PSR B1913 + 16, we derived an estimate of 𝑚𝑔 ≲ 1.1 × 10−19 eV∕𝑐2

at 95% CL and its associated Compton wavelength 𝜆𝑔 ≳ 1013 m. In ad

dition, we explored the consequences that graviton massiveness would 
have in several astrophysical and cosmological scenarios.

These findings contribute to further understanding graviton proper

ties and their phenomenological implications, especially in the context 
of the VSLG theory. The search for better constraints on the graviton 
mass not only enhances our theoretical formulations, but also guides 
future experimental efforts aimed at detecting novel effects through 
gravitational phenomena [85]. As gravitational wave observatories ad

vance, the insights gained from this study will prove useful in refining 
our search for evidence of elusive particles like gravitons, potentially 
unlocking new avenues in our quest for gravity quantization [86].

Overall, this work underscores the importance of astrophysical ob

servations in addressing fundamental questions about the nature of grav

ity and its possible quantum aspects.
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Appendix A. Expressions of 𝒇 (𝑵,𝜹, 𝒆, 𝒏̂)

In this appendix, we include the explicit expressions for the func

tion 𝑓 (𝑁,𝛿, 𝑒, 𝑛̂) along with some more details. Generally, we have two 
contributions that can be distinguished 𝑓∕∕ and 𝑓⟂

𝑓 (𝑁,𝑒, 𝛿, 𝑛̂) = 𝑓∕∕(𝑁,𝛿, 𝑒) + 𝑓⟂(𝑁,𝛿, 𝑒, 𝑛̂) . (A.1)

Although 𝑓∕∕ is independent of 𝑛̂ and, therefore, always present, 𝑓⟂
depends on the preferred space direction, which means that it is relevant 
only when 𝑛̂ is not orthogonal to the orbital plane. That also implies that 
in the massless graviton limit 𝑚𝑔 → 0, just 𝑓∕∕ can and will survive. With 
all that being said, the expressions for both contributions are

𝑓∕∕(𝑁,𝑒, 𝛿) =
√

1 − 𝛿2

𝑁2

{[
1 (A.2)

+ 𝛿2

6𝑁2

(
91
2 

+ 16𝛿2

𝑁2 − 15
4 + 3𝛿2

𝑁2

2
√

1 − 𝛿2

𝑁2

tanh−1
√

1 − 𝛿2

𝑁2

)]
𝑔(𝑁,𝑒)

+ 𝛿2

48

(
−25

6 
+ 80𝛿2

3𝑁2 + 5
4 − 15𝛿2

𝑁2

2
√

1 − 𝛿2

𝑁2

tanh−1
√

1 − 𝛿2

𝑁2

)
𝐽 2
𝑁
(𝑁𝑒)

}
,

𝑓⟂(𝑁,𝑒, 𝛿, 𝑛̂) = −5𝑁2

384 
𝛿2
√

1 − 𝛿2

𝑁2

{(
23

+ 16𝛿2

𝑁2 −
12 + 21𝛿2

𝑁2√
1 − 𝛿2

𝑁2

tanh−1
√

1 − 𝛿2

𝑁2

)
𝑛̂𝑖𝑛̂𝑘𝐿

∗ 𝑖𝑗
𝑁
𝐿
𝑘𝑗

𝑁

−

(
37
4 

+ 20𝛿2

𝑁2 −
12 + 99𝛿2

𝑁2

4
√

1 − 𝛿2

𝑁2

tanh−1
√

1 − 𝛿2

𝑁2

)
𝑛𝑖𝑛̂𝑗 𝑛̂𝑘𝑛̂𝑙𝐿

∗ 𝑖𝑗
𝑁
𝐿𝑘𝑙
𝑁

+ 2 
𝑁

(
13 − 16𝛿2

𝑁2 −
12 − 21𝛿2

𝑁2√
1 − 𝛿2

𝑁2

tanh−1
√

1 − 𝛿2

𝑁2

)
sin2 𝜃(cos2 𝜙 𝐿𝑥𝑥

𝑁

+ sin2 𝜙 𝐿𝑦𝑦
𝑁
)𝐽𝑁

}
,

with 𝑔(𝑁,𝑒) being the same function defined in [26]

𝑔(𝑁,𝑒) = 𝑁4

32 

{
(𝐽𝑁−2 − 2𝑒𝐽𝑁−1 +

2 
𝑁
𝐽𝑁 + 2𝑒𝐽𝑁+1 − 𝐽𝑁+2)2

+ (1 − 𝑒2)(𝐽𝑁−2 − 2𝐽𝑁 + 𝐽𝑁+2 )2 +
4 

3𝑁2 𝐽
2
𝑁

}
, (A.3)

being 𝑁𝑒 the argument of the above 𝐽 -functions, and

𝑛̂𝑖𝑛̂𝑗𝐿∗ 𝑖𝑘
𝑁
𝐿
𝑗𝑘

𝑁
= sin2 𝜃(cos2 𝜙 (𝐿𝑥𝑥

𝑁
)2 + sin2 𝜙 (𝐿𝑦𝑦

𝑁
)2)

+ sin2 𝜃|𝐿𝑥𝑦
𝑁
|2 ,

𝑛𝑖𝑛̂𝑗 𝑛̂𝑘𝑛̂𝑙𝐿
∗ 𝑖𝑗
𝑁
𝐿𝑘𝑙
𝑁
= sin4 𝜃(cos2 𝜙 𝐿𝑥𝑥

𝑁
+ sin2 𝜙 𝐿𝑦𝑦

𝑁
)2

+4 sin4 𝜃 sin2 𝜙 cos2 𝜙|𝐿𝑥𝑦
𝑁
|2 . (A.4)

Data availability

Data will be made available on request.
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