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We measure the speed of light with current observations, such as Type Ia Supernova,
galaxy ages, radial BAO mode, as well as simulations of forthcoming redshift surveys and
gravitational waves as standard sirens. By means of a Gaussian Process reconstruction,
we find that the precision of such measurements can be improved from roughly 6% and to
about 2 — 2.5% when the gravitational wave simulations are considered, and to 1.5 — 2%
when redshift survey are included in the analysis as well. This result demonstrates that
we will be able to perform a cosmological measurement of a fundamental physical constant
with significantly improved precision, which will help us underpinning if its value is truly

consistent with local measurements, as predicted by the standard model of Cosmology.
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I. INTRODUCTION

Since the late 1990s, the Standard Cosmological Model (SCM) has been described by the flat
ACDM model [1, 2], which states that the Universe is dominated by cold dark matter as the
responsible for structure formation and galaxy dynamics, and by the cosmological constant A
as the responsible for the accelerated expansion of the Universe at late times. The framework
of the SCM provides a series of successful predictions, such as recent observations of the Cosmic
Microwave Background (CMB) [3], luminosity distances of Type Ia Supernovae (SNe) [4], as well as
galaxy clustering and weak lensing [5-8], which validate the SCM as the model that best describes

the observed data with great precision.

However, we can mention some unresolved problems in relation to the SCM, such as problems
of primordial singularity and cosmic coincidence. We also have tensions in measurements of some
cosmological parameters, e.g. the tension of ~ 5o between the Hubble Constant Hy measured in
the late- and early-time Universe with SNe and CMB, respectively, being one of most evident at
the current moment [9] — see also [10] for a broad review on cosmological tensions. Recently, the
first data release of the DESI telescope showed that there could be an evolution of the dark energy
equation of state, thus hinting at a possible breakdown of the cosmological constant paradigm [11].
In such a scenario, it is necessary to propose and test alternative models, besides revisiting the
SCM fundamentals, since further evidence for departures of the SCM predictions would suggest
new physics at play, and require a complete reformulation of its panorama. The validity of two
fundamental pillars of the SCM, namely the Cosmological Principle and General Relativity as a
theory of gravity on large scales, have been confirmed in recent works, although some results may

affirm the opposite [10].

A possible route to propose alternative models to the SCM consists on studying the variability
of the fundamental constants of nature, as discussed in [12-15]. Experiments with this purpose
have been carried out for centuries on Earth and in the Solar System to measure the values of
fundamental constants, obtaining zero results for their variations and with supreme precision in
their measurements. However, cosmological tests of the consistency of fundamental constants are
very scarce and less precise, due to the difficulty in obtaining cosmological data at high redshifts
that would make their achievements possible. At this point, it is crucial to take care when leveraging
such models, as they can trigger additional problems in the physical laws under which these physical
constants were constructed. For example, models that assume a variable speed of light (VSL) must

reproduce the success of the Special Theory of Relativity in explaining at least thermodynamics



and electromagnetism. Some of these models meet these requirements and can provide viable

solutions to SCM problems [16-37].

Driven by this reason, some recent studies searched for possible evidence of VSL model, and
carried out speed of light measurements with cosmological observations, mostly obtaining null evi-
dence for the former, and results in good concordance with the measurements in local laboratories
for the latter [38-63]. For instance, in [57], the authors used data from the Pantheon SNe compila-
tion, besides measurements of the Hubble parameter obtained through the differential ages galaxies
and the radial mode of baryon acoustic oscillations (BAQO), to measure the speed of light by means
of the methodology proposed by [43]. These analyses were done using Gaussian Processes, i.e., a
non-parametric reconstruction method — thus, no cosmological model is assumed a prori — result-
ing in measurements of ~ 5% precision at z = 1.4 — 1.6. Although these results agree within 2¢
confidence level with typical speed of light measurements here on Earth, we should note that the
availability of cosmological data at such redshift range is quite limited. Hence, the precision of
those tests are inevitably affected by this fact, not to mention that some of the cosmological data

could be biased towards the SCM scenario.

Hence, considering the caveats of the SCM, as previously discussed, and considering the im-
portance of performing cosmological measurements of the fundamental constants in this context,
we forecast the precision of speed of light measurements that can be reached by future cosmolog-
ical observations. We produce simulations of the Hubble parameter measurements expected from
upcoming redshift surveys, as well as luminosity distance measurements that are expected from
future observations of gravitational wave (GW) events, by means of the standard siren method.
Although the speed of the GW event GW170817 was precisely measured as being the same as the
speed of light, which confirms the predictions of general relativity theory [64], here we pursue a
different approach to measure the speed of light from GW, as carried out in [43, 57], given the
advent of the standard siren measurements that upcoming GW experiments shall provide. Our
main goal is to assess the precision that those speed of light measurements can be improved, when

compared to current constraints.

The paper is organized as follows: in section 2, we describe the theoretical framework, followed
by section 3, in which we present the data and simulations, section 4 presents our results. Finally,

section 5 is dedicated to discussion and concluding observations.



II. THEORETICAL FRAMEWORK

In order to obtain a cosmological measurement of the speed of light, we adopt the method
proposed by [42]. This method consists of assuming a flat Universe described by the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric, so that the angular diameter distance is given by by

the equation

1 * cdz
Dalz) = (1+z)/0 H() M

where ¢ = ¢(z) is the speed of light — here, written as a function of redshift for the sake of
convenience — and H(z) is the Hubble parameter that gives the expansion rate of the Universe at
a given redshift z.

Thus, deriving Eq. (1) with respect to redshift, we have

210 +2)Da(2) =

so we can write ¢(z) as
c(z) = H(2)[(1 + 2) D} (2) + Da(2)], (3)

where D';(z) denotes the first derivative of the angular diameter distance in relation to redshift.

Also, we can obtain the uncertainties through an error propagation, given as follows',

0oy = H'(2)[(1+ 2)Dg(2) + Da(2)]oy.y + H(2)[(L + 2) DA(2) + Da(2)]oy, )+ "
+H(2)[(1+2)Di(2)loh, ., -

In the SCM scenario, D4(z) is expected to reach its maximum value at around z ~ 1.4 — 1.6,
depending on the cosmological parameters of the model, for instance, the matter density parameter
and the Hubble Constant. Therefore, when we take the first derivative of the angular diameter
distance at this maximum redshift (z,,), its value will be zero (i.e. D’;(z,) = 0). So, at such

redshift, Eq. (3) can be rewritten as
C(Zm) = DA(Zm)H(zm) ’ (5)

once more, we can obtain the uncertainties through an error propagation given as follows,

02y = (H(2)op, )" + (Da)on()?

! Note that there is a typo in the expression of Uf<z) presented in [57], which has been fixed now.



Therefore, we can arrive at an expression for the speed of light at such a redshift that depends
only on the angular diameter distance and the Hubble parameter, allowing us to measure it with
higher precision because it does not depend on their respective derivatives, which suffer from
smearing effect — and thus much larger uncertainties. It is worthful to notice that because there is
a degeneracy between a variable speed of light and cosmic curvature, we note that this method is
only valid for flat FLRW models [43, 47]. Still, recent measurements of the curvature of the Universe

are in excellent agreement with a flat Universe, so we can safely make this assumption [3-8, 11].

III. DATA AND SIMULATIONS

We use 1701 luminosity distance measurements of Type la Supernovae (SNe) from the Pan-
theon+ and SHOES compilation, and 48 Hubble parameter measurements H(z) obtained through
differential galaxy ages and the radial mode of baryon acoustic oscillations (BAO) [65, 66], as our
current cosmological data-sets®. In addition, we produce simulations of future cosmological obser-
vations, such as 1000 luminosity distance measurements from gravitational wave events (GW) as
standard sirens, as expected by experiments such as LIGO [67] and Einstein Telescope (ET) [68],
along with 30 H(z) measurements that are expected for the new generation of redshift surveys, as

the case of J-PAS [69], detailed as follow:

A. Type Ia Supernovae

The latest SN compilation, namely the Pantheon+SHOES data-set [70] (see also [71, 72]), pro-
vides 1701 light curve measurements of 1550 SN objects in the redshift interval 0.001 < z < 2.26.
Hence, we have 1701 measurements of SN apparent magnitudes, mpg, which can be combined with

the determination of the SN absolute magnitude given by [4]
Mp = —19.25 + 0.03. (7)

We can obtain the luminosity distances through

mp(2)—Mp—25
5

Dp(z) = 10 (8)

Then we can convert the luminosity distances into angular diameter distances by means of the

cosmic distance duality relation (CDDR), which reads

Dy(z) = Dp(2)(1+2)72. (9)

2 Note that the previous Pantheon compilation [4] was used in [57].



This relationship is valid for all models based on Riemannian geometry, being independent of
Einstein’s field equations, the FLRW metric, or the nature of dark matter and dark energy. The
violation of the CDDR would only occur in the case of geometry non-Riemannian, the presence
of a source of cosmic opacity in the Universe, or variations in fundamental physics, such as the
Equivalence Principle and the fine structure constant. Nonetheless, recent works showed that the

CDDR is validated through a variety of cosmological observations and approaches, as in [73-77].

B. Gravitational Waves

In order to obtain the simulated data sets of gravitational waves, we assume that the sources
of the events are mergers of Neutron Stars-Black Hole (NS-BH) or Neutron Stars-Neutron Stars
(NS-NS) binaries. They obey a redshift distribution given by

47 D?R(2)

PG > ga+ ey

(10)

where d. is the comoving distance and H(z) is the Hubble parameter [78]. Both quantities
are defined from a fiducial cosmology by assuming a flat ACDM model with Hgd = 73.30 £
1.04kms™! Mpe™!, Qfid = 0.334 +0.018 and Qfid = 1 — Q,,, consistent with the Pantheon+SHOES
best-fit [70].

The factor R(z) describes the evolution of the star formation rate [79] and it has a specific

functional form for each gravitational wave source given by

1+ 2z, z<1
R(z)={3(5-2), 1<2<5 (11)

0, zZ>H

From the probability distribution for each gravitational source we randomly pick 1000 points in
the redshift range 0 < z < 2.36. We then obtain the luminosity distance (Dp) at those redshift with
the fiducial model, and we perform a Monte Carlo simulation by assuming a gaussian distribution
centered on these fiducial Dy. The standard deviation (op, ) is related with an instrumental error
(o DiLnst) that can be obtained via a Fisher Matrix analysis and combined with an additional error

from weak lensing (o DXVL) [80],




The parameter p represents the signal-to-noise ratio of the detection (SNR) and is directly
related to the amplitude of the gravitational wave (A), the interferometer antenna pattern (F),
and the power spectrum density (PSD) [80].

We simulate the data from two interferometer configurations, with its specific /' and PSD. The
first configuration is defined by assuming a perpendicular interferometer (as the LIGO collabora-

tion), in this case we have the antenna pattern given by

F? = i(l + c0s(0))%cos?(2¢) + cos?(0)sen*(2¢), (13)

with the angles 6 and ¢ varying in the range [0, %7‘(‘] [81]. Moreover, the Power Spectrum Density
is given by
Sn(z)
So
with So/Hz"1=9.0 x 10746 f;/Hz = 40 and fy/Hz = 150 [82].

= (4.492) 7% + 0.162~*% + 0.52 + 0.3227, (14)

The second interferometer configuration has a triangular pattern (as the Einstein Telescope).
Besides the difference in angles, it also has a difference in sensitivity. In this case the antenna

pattern is given by

F? = % (35 + 28cos(20) + cos(40)) , (15)

with the angles 6 varying between [0,7] [78]. Its Power Spectrum Density is given by

1+ b1$ + b2l’2 + b3.7)3 + b43§‘4 + b5$5 + b61‘6
1+ c1a + cox? + c323 + cypat

where © = f/fo with fo = 200Hz and Sy = 1.449 x 107°2Hz~!. The other parameters are as
follows: p; = —4.05, po = —0.69, a; = 185.62, ag = 232.56, by = 31.18, by = —64.72, b3 = 52.24,
by = —42.16, b5 = 10.17, bg = 11.53, ¢; = 13.58, co = —36.46, c3 = 18.56, ¢4 = 27.43 [78].

Sh(f) = So [2P* + a12P? + aq (16)

The amplitude of the wave is needed to calculate the SNR, and it is given by [78§]

4 (bdmw 7 5
2 — 4L 2
the M, stands for the chirp mass of the gravitational wave, which depends on the masses of the

two merging objects, whether neutron stars (NS) or black holes (BH). The formula for the chirp

mass is given by
(18)

we define the components masses of the binary system m; and ms, then M = mq + mo as the
total mass and p = (mimz)/M as the reduced mass [83]. The mass ranges for each component
are [1,3]My for neutron stars and [5,35|Mg for black holes, with both obeying the respective
probability density functions [84, 85].



C. Hubble Parameter

As for our sample of H(z), we adopt a compilation of 30 measurements obtained from differential
galaxy ages, and 18 measurements from the radial BAO mode. This data-set is hereafter named
CC, as they are commonly referred in the literature as cosmic chronometers. Instead of using the
actual observational measurements, we replace them by a realization of the flat ACDM model, i.e.,
HY(2) — N(H(2), O fjobs(z)), S0 that the Hubble parameter follows the Friedmann equation

2

VI%?)} = 0fd(1 4+ 2)% + i, (19)
and again, we assume a fiducial flat ACDM model consistent with the Pantheon+SHOES best-fit as
Section II.B [70]. By the same token, we simulate future H(z) measurements expected from ongoing
redshift surveys, like J-PAS. We produce 30 data points from a realization of the ACDM fiducial
model, as done for the observational CC data-set, but assuming that the H(z) uncertainties should
follow the values shown in Fig. 15 of [86] for a J-PAS 8500 degree? configuration. Also, we assume
that these data points should follow a redshift distribution P(z) in the interval 0.3 < z < 2.5, as
given by [87, 88]

z/0

) _ k-1 €
P(Z’ kﬁe) =z ri(k) ’

(20)

where we fix § and k to their respective best fits to the real data, i.e., Oy = 0.647 and k = 1.048.

IV. RESULTS

In order to obtain c¢(z,,) and its respective uncertainty, as in Eq. 5 and 6, respectively, we
need to carry out an interpolation across the redshift range that is covered by those data-sets.
So, we follow the approach of [57], and reconstruct {Da(z), H(z)}, as well as their respective
derivatives {D/ (z), H'(z)}, from those datasets using a non-parametric approach — namely the
Gaussian Processes (GP) method, as in the GAPP package [89]. We assume two kernels to perform
these reconstructions, i.e., Squared Exponential (hereafter SqExp) and Matérn(7/2) (hereafter
Mat72), for n = 250 bins within the redshift range 0.01 < z < 2.5, in which we optimize the GP
hyperparameters in both cases. So we can obtain z,, at the point where the reconstructions yield
D'y ~ 0, and then calculate c¢(zy,) and o, ) according to Egs. (5) and (6). More details on the
reconstructions obtained for each case are shown in the Appendix.

Figure 1 displays all these results in black (CC+SNe), blue (CC+GW from LIGO), and red

(CC+GW from ET) circles, whereas the crosses of the same color code represent the combination
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FIG. 1. Upper panel: c(z,,) measurements, as a function of z,,, obtained assuming the Squared Exponential
GP kernel from the following combination of data-sets: CC+SNe (black circle), CC+GW from LIGO (red
circle), CC+GW from ET (blue circle). The combination of the same data-sets with the H(z) from J-PAS
are denoted by black, red and blue stars, respectively. Lower panel: Same as left panel, but rather assuming
the Matérn(7/2) kernel. The uncertainties in all cases correspond to the 20 CL, and the magenta horizontal

line represent the value predicted by the ACDM scenario.
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TABLE I. Results for the ¢(z;,) measurements assuming the Squared Exponential GP kernel. The first

column displays the combination of data-sets, the second column shows the reconstructed z, value, the

1

third column provides the ¢(z,,) measurements and their uncertainties in 1o CL, in units of 105 kms™ ", and

the fourth column gives their relative uncertainty, in percent.

data-sets (CC+) Zm |€(Zm) £ O¢(z,,) |uncertainty (%)
+SNe (Pantheon+SHOES) |1.77| 3.319 £ 0.210 6.25
+GW (LIGO) 1.64| 3.217 £ 0.067 2.08
+GW (ET) 1.63| 3.140 %+ 0.066 2.10

data-sets (CC+JPAS+) | zm |c(2m) £ 0¢(2,,) | uncertainty (%)
+SNe (Pantheon+SHOES) [1.77| 3.293 £ 0.203 6.16
+GW (LIGO) 1.64| 3.190 = 0.044 1.38
+GW (ET) 1.63] 3.114 + 0.043 1.38

TABLE II. Same as Table I, but rather assuming the Matérn(7/2) kernel.

data-sets (CC+) Zm |€(Zm) £ Oc(z,,) |uncertainty (%)
+SNe (Pantheon+SHOES) |1.38| 2.884 + 0.128 4.45
+GW (LIGO) 1.50] 2.992 £ 0.077 2.59
+GW (ET) 1.46| 2.877 +0.074 2.58

data-sets (CC+JPAS+) | zm |c(2m) £ 0¢(2,,) | uncertainty (%)
+SNe (Pantheon+SHOES) |1.38| 2.859 + 0.112 3.91
+GW (LIGO) 1.50] 2.965 £ 0.045 1.52
+GW (ET) 1.46] 2.851 + 0.043 1.51

of the corresponding data-sets with the J-PAS simulations, albeit at a 20 CL uncertainty for the
sake of enhancing visualization. The difference between the left and the right panel is the GP kernel
under assumption — the left panel shows the results obtained from the SqExp kernel reconstructions,
while the right panel displays the Mat72 case. The horizontal line represents the locally measured
¢, i.e., ¢ =2.998 x 10°kms~'. So we can clearly see that our results are in agreement with this
local value, and they are consistent with each other, with the results obtained from Mat72 being
slightly more compatible with the local measurements.

In tables I and II, we present the results obtained from the GP reconstructions assuming, re-
spectively, the SqExp and Mat72 kernels. We can see in the top of both tables that the combination
of current CC+SNe data provides a measurement of ¢(zy,) with a precision of ~ 6.2% (SqExp), and
~ 4.5% (Mat72), whereas combining CC with GW simulations from ET and LIGO, the precision
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is slightly improved — ~ 2% (SqExp), and ~ 2.5% (Mat72). Also, we note that the results obtained
by LIGO and ET are totally consistent with each other, to a sub-percent level. When we include
the simulated J-PAS H(z) measurements to the CC data-set, and combine it with the SN and GW
data, as shown in the bottom of both tables, we find that the precision of the ¢(zy,) measurement is
only mildly improved in the former case, but significantly improved for the latter, reaching ~ 1.4%
(SqExp), and ~ 1.5% (Mat72).

These results demonstrate that future observational data have the capability of improving the
measurements of the speed of light to a few percent level, and therefore we will be able determine
with much higher precision whether its value actually agrees with the measurements carried out
in local laboratories, as predicted from the standard cosmological model, or whether there is any

hint at new physics if found otherwise.

V. CONCLUSIONS

Performing cosmological measurements of the fundamental physical constants is of great impor-
tance, as any statistically significant departure from local measurements would immediately require
a reformulation of the standard cosmological model. In this work, we measure the speed of light
¢ with Hubble parameter and angular diameter distance measurements from current data-sets, as
obtained from a compilation of galaxy ages and radial baryon acoustic oscillations for the former,
and Type Ia Supernova distances from Pantheon+SHOES for the latter. We do so by performing
a Gaussian Process reconstruction of such quantities, in order to avoid the assumption of a cos-
mological model. Then, we forecast the precision of such a measurement by simulating the same
kind of data from upcoming galaxy redshift surveys, such as J-PAS, and from standard sirens from
gravitational wave experiments, as in the cases of LIGO and the Einstein Telescope.

We obtained a significant improvement between the current and future constraints, reducing
our uncertainties from 4 — 6% to about 2 — 2.5% when the gravitational wave simulations are
considered, and to nearly 1.5% when the simulated J-PAS measurements are taken into account
as well, at redshifts around 1.4 < z < 1.8. We noted that these figures hold regardless of the
assumption on the reconstruction kernel, the number of bins for each reconstruction etc.

Our result show the capability of the upcoming generation of cosmological observations in terms
of carrying out a powerful test of fundamental physics, as we found that such a combination of
data-sets, along with the statistical approach herein deployed, will be able to provide a percent-level

precision measurement of the speed of light at cosmological scales. Therefore, we will be able to
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verify if the speed of light at high redshift ranges — which corresponds to a Universe age of around

3.2—4.0 Gyr — is actually consistent with local measurements with significantly improved precision,

which will help determining the validity (or departure) of the standard model of Cosmology.
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FIG. 2. The top left panel shows the Gaussian Process reconstruction of the angular diameter distance,
D (%), as obtained by Egs. (7) to (1), using the Pantheon+SHOES Type Ia Supernova compilation. The top
right panel displays the reconstruction of the first order derivative, D, (z), whereas the bottom central panel
depicts the reconstruction of the second order derivative, D’} (z), still obtained from the same observational
sample. The black dots with error bars in the D4(z) plot represent the observational data, and the gray
curves denote the 1, 2, and 30 confidence level of the reconstructions, respectively from the darker to the

lighter shade. All reconstructions were performed assuming the Squared Exponential kernel.
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FIG. 4. Same as Fig. 2, but valid for the simulated gravitational wave data-set assuming the LIGO inter-

ferometer specifications.
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FIG. 6. Same as Fig. 4, but valid for the simulated gravitational wave data-set assuming the Einstein

Telescope specifications.
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FIG. 8. Top left panel: The reconstruction of the Hubble parameter, H(z), obtained from the cosmic
chronometer data-set. The black dots depict the data points with their respective uncertainties. 7Top
right panel: Similar to the former, but rather for the cosmic chronometer combined with simulated J-PAS
simulated data-set. Bottom left panel: The first derivative of the Hubble parameter, H'(z), from the cosmic
chronometer sample alone. Bottom right panel: Similar to the previous plot, but for the cosmic chronometer
with J-PAS combination. As in the previous plots, the gray curves denote the 1, 2, and 30 confidence level
of the reconstructions, respectively from the darker to the lighter shade. All results were obtained assuming

the Squared Exponential kernel.
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FIG. 9. Similar to Fig. 8, but assuming the Matérn(7/2) Gaussian Process kernel instead.
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