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Constraining the minimally
extended varying speed of light
model using time dilations
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Korea

The Robertson–Walker (RW) metric, derived from the cosmological principle
and Weyl’s postulate, characterizes the ΛCDM cosmological model.
Traditionally, in this framework, the assumption of a constant speed of light
leads to specific cosmological time dilation (TD). However, because the
Robertson–Walker metric lacks a way to define time dilation, the speed of light,
like wavelength and temperature, may vary with cosmic time. The minimally
extended varying speed of light (meVSL) model fits standard cosmological
observations while considering the evolution of physical constants. One
model-independent test for the meVSL model is cosmological time dilation.
However, current data cannot distinguish between the meVSL model and the
standard model.
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1 Introduction

The contemporary ΛCDM model, based on the Robertson–Walker (RW) metric,
assumes large-scale spatial homogeneity and isotropy, supported by the uniformity of
the cosmic microwave background (CMB) (Hinshaw et al., 2013; Aghanim et al., 2020)
and large-scale structures (Guzzo et al.; Cawthon et al., 2022). This model describes
an expanding universe, evidenced by the redshift of light from distant galaxies,
where the redshift indicates the stretching of photon wavelengths due to space
expansion (Weinberg, 2008).

The traditional RW metric can derive a specific relationship regarding cosmological
time dilation (TD) based on the postulate of a constant speed of light. However,
it is not directly derived from the metric’s fundamental principles. Various projects
using supernova light curves (Leibundgut et al., 1996; Riess et al., 1997; Foley et al., 2005;
Blondin and Tonry, 2007; Blondin et al., 2008; White et al.), gamma-ray bursts (Band,
1994; Norris et al., 1994; Wijers and Paczynski, 1994; Meszaros and Meszaros, 1996;
Lee and Petrosian, 1997; Chang, 2001; Crawford; Zhang et al., 2013; Singh and Desai,
2022), and quasars (Hawkins, 2001; Dai et al., 2012; Lewis and Brewer, 2023) have
attempted to measure cosmological TD, but conflicting results have prevented convincing
detection. The speed of light in the RW metric might change with cosmic time without
clear rules determining TD, just like other physical parameters like temperature and
mass density. This variation supports the hypothesis of a varying speed of light (VSL)
(Lee, 2021; Lee, 2023a; Lee, 2023b; Lee, 2024). In the RW universe, a hypersurface
of specific time defines uniform physical quantities such as temperature or density,
and these quantities are cosmologically redshifted due to the universe’s expansion.
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One can rewrite the RW metric with the possibility of the
VSL as follows:

ds2 = −c(t)2 ⁢dt2 + a(t)2 ⁢ dr
2

1−Kr2
+ r2 ⁢dθ2 + sin2 θdϕ2

≡ −c(t)2dt2 + a(t)2 ⁢dl23D.
(1)

Physical quantities like the scale factor a(t), density ρ(t),
pressure P(t), temperature T(t), and c(t) evolve over cosmic
time, governed by solutions from Einstein’s field equations
and Bianchi’s identity, accounting for fluid equations of state.
Redshift calculation involves using the geodesic equation in co-
moving coordinates, ensuring the consistency of radial light
signals dl3D:

dl3D =
c(ti)dti
a(ti)

: c1dt1
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where SMC stands for the standard model cosmology and dti =
1/ν(ti) represents the time interval between successive crests of light
at ti (i.e., the inverse of the frequency νi at ti). This expresses the TD
in the meVSL model as T0 = (1+ z)

1−b/4T (i.e., the present time is
dilated by a factor (1+ z)1−b/4).

2 Methods

In an expanding universe described by the RW metric,
galaxies uniformly recede from each other, and TD affects clocks
differently depending on the distance. Whether the speed of light
is constant or not influences local clock rates, thus playing a
crucial role in understanding TD. Therefore, it is important to
obtain the precise relationship of TD by comparing observational
data such as distant Type Ia supernovae (SNeIa) light curves and
spectral evolution.

Supernova light curves (LCs) track brightness changes over
time, crucial for understanding their evolution and properties,
especially for SNeIa used as cosmological standard candles.
Comparing LCs across different distances reveals TD effects
due to cosmic expansion, indicating the stretching of distant
LCs compared to nearby LCs. The spectral evolution of SNeIa
provides a reliable method to measure aging and confirm TD,
offering insights into the Universe’s expansion rate and dark
energy dynamics.

We present aging rate measurements of 13 high-redshift SNeIa
data provided in Blondin et al. (2008), as shown in Table 1. These
data are derived from a sample of 35 spectra of 13 SNeIa in the
redshift range 0.28 ≤ z ≤ 0.62, comparing the differences between
observer- and rest-frame ages.

We perform a least-square fit to the data using
the SMC and meVSL model predictions. The fitting
is given by

χ2 =
13

∑
i=1

((1+ zi)
−1
obs − (1+ zi)

−1+b/4)2

σ2i
, (3)

TABLE 1 Aging rate measurements from SNeIa observation
(Blondin et al., 2008).

SN z 1/(1+ z) Aging rate (error)

1996bj 0.574 0.635 0.527 (0.369)

1997ex 0.361 0.735 0.745 (0.076)

2001go 0.552 0.644 0.652 (0.062)

2002iz 0.427 0.701 0.655 (0.089)

b027 0.315 0.760 0.823 (0.092)

2003js 0.363 0.734 0.718 (0.082)

04D2an 0.621 0.617 0.567 (0.341)

2006mk 0.475 0.678 0.753 (0.060)

2006sc 0.357 0.737 0.619 (0.121)

2006tk 0.312 0.762 0.835 (0.181)

2007tg 0.502 0.666 0.687 (0.102)

2007tt 0.374 0.728 0.718 (0.108)

2007un 0.283 0.779 0.759 (0.135)

TABLE 2 A simple χ2 analysis for both the SM and meVSL model
using TD data (Blondin et al., 2008). The best-fit value for the b exponent
is b = 0.198 with 0.415 for the 1-σ confidence interval.

Model χ2/dof b̄ 1-σ GoF (%)

(1+ z)−1 3.6/13 0 0 99.5

(1+ z)−1+b/4 3.4/12 0.198 0.415 99.2

where (1+ zi)−1obs corresponds to the 13 data points and σi represents
their errors, as listed in Table 1.

3 Results

The aging rate analysis based on the SMC, using 1/(1+ z),
achieves a good fit to the data with χ2 = 3.6 for 13 degrees
of freedom (d.o.f), indicating a high goodness-of-fit (GoF) of
99.5%. Conversely, applying the meVSL model yields a best-
fit parameter value of b = 0.198 with a 1-σ error interval of
±0.415. The minimum χ2 value obtained is 3.4, with 12 d.o.f,
corresponding to a GoF of 99.3%. Detailed results are summarized
in Table 2 and illustrated in Figure 1, where vertical lines represent
the 13 data points along with their measurement errors. The
dashed line illustrates the SMC prediction of the aging rate
1/(1+ z), while the solid line with shaded regions depicts the
meVSL model within its 1-σ confidence interval. These findings
suggest that the current observational data do not conclusively
distinguish between the predictions of the meVSL model and those
of the SMC.
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FIGURE 1
Time dilation for two models with data points. The dashed line depicts the SC prediction of TD. The thick solid line represents the best-fit value
predicted TD of the meVSL model. The shaded region represents the 1-σ confidence interval region.

4 Discussion

We derived the time dilation formula in the minimally extended
varying speed of light model as T(z) = T0(1+ z)1−b/4. Analyzing data
from 13 high-redshift SNeIa, we found b = 0.198± 0.415 at the 1-σ
confidence level, less precise than cosmological chronometers (Lee,
2023c). Using (H0,Ωm0) values from Planck18 (Aghanim et al., 2020)
and Pantheon22 (Brout et al., 2022), we obtained optimal b fits of
−0.105± 0.178and0.584± 0.184, respectively.Theseresults alignwith
the standard model cosmology and the meVSLmodel, reflecting data
fromSNewheredistinguishingbetweenmodels remains inconclusive.
Recent Dark Energy Survey results also support the standard model
of cosmology (White et al.). Time dilation data from gamma-ray
bursts are sparse (Singh and Desai, 2022), but a study of 190
quasars confirmed cosmic time dilation (Lewis and Brewer, 2023),
detecting redshift-dependent effects with n ≡ (1− b/4) = 1.28+0.28−0.29.
Challenges in previous quasar studies highlight the need for larger,
diverse samples to detect time dilation effects across various redshifts.
Future observations may clarify model distinctions as data accrues.
A study exploring an Einstein–de Sitter cosmological model that
generalizes the redshift-time dilation relation demonstrates that this
model can fit the data from 1,048 supernovae comparably to the
standard model (Benedetto et al., 2024). The authors propose this
intriguing formalism as an alternative to the standard cosmological
model without the need for dark energy. This study appears to be
another interesting research using time dilation.
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