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Abstract
The standard cosmological model, the ΛCDM model, is the most suitable description for our
universe. This framework can explain the accelerated expansion phase of the universe but still is
not immune to open problems when it comes to the comparison with observations. One of the
most critical issues is the so-called Hubble constant (𝐻0) tension, namely, the difference of about
5𝜎 as an average between the value of 𝐻0 estimated locally and the cosmological value measured
from the Last Scattering Surface. The value of this tension changes from 4 to 6 𝜎 according to
the data used. The current analysis explores the 𝐻0 tension in the Pantheon sample (PS) of SNe
Ia. Through the division of the PS in 3 and 4 bins, the value of 𝐻0 is estimated for each bin and
all the values are fitted with a decreasing function of the redshift (𝑧). Remarkably, 𝐻0 undergoes
a slow decreasing evolution with 𝑧, having an evolutionary coefficient compatible with zero up
to 5.8𝜎. If this trend is not caused by hidden astrophysical biases or 𝑧-selection effects, then the
𝑓 (𝑅) modified theories of gravity represent a valid model for explaining such a trend.
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1. Introduction

The ΛCDM model is based on the presence of Cold Dark Matter (CDM, not relativistic),
the cosmological constant (Λ) that parametrizes the contribution of dark energy to the accelerated
expansion of the universe, and 𝐻0 that describes the expansion rate of the universe as observed
today. The ΛCDM is the standard paradigm in modern cosmology but is not exempt from open
issues. The most intriguing issue of ΛCDM is the 𝐻0 tension: this is the difference, ranging from
4 𝜎 up to 6 𝜎, between the local measurement 𝐻0, obtained with the calibration of SNe Ia on the
Cepheids, and the cosmological value of 𝐻0 observed with the Cosmic Microwave Background
(CMB) radiation at the redshift of the Last Scattering Surface, namely, 𝑧 = 1100. A wide range of
solutions have been proposed to alleviate or to solve the𝐻0 tension, in particular, the interconnection
between DM and Dark Energy (DE) to explain the Hubble tension, implying deviations from the
ΛCDM model [1]. See [2] for a more general review of the possible solutions for the 𝐻0 tension.
An important role in modern cosmology is played by SNe Ia, up to 𝑧 = 2.26 [4]. SNe Ia are among
the best standard candles, given their uniform intrinsic luminosity.
In the current proceeding, we show the study of the 𝐻0 tension through a bins approach applied to
the PS of SNe Ia, spotlighting a slow decreasing evolution of the 𝐻0 with redshift.

2. The Pantheon sample analysis: unveiling new hints on the 𝐻0 tension

We divided the PS [5], 1048 spectroscopically classified SNe Ia, into 3 and 4 bins ordered
in redshift [6]. For each bin, we estimated the 𝐻0 value through a Markov chain Monte Carlo
simulation (MCMC), drawing the priors from a uniform distribution
(60 𝑘𝑚/𝑠/𝑀𝑝𝑐 < 𝐻0 < 80 𝑘𝑚/𝑠/𝑀𝑝𝑐) and fixing the SN absolute magnitude (M) to the value
M = −19.246 so that 𝐻0 = 73.5 𝑘𝑚/𝑠/𝑀𝑝𝑐 in the lowest 𝑧 bins. Two cosmological models are
employed: the ΛCDM and the 𝑤0𝑤𝑎CDM, where the Chevallier-Polarski-Linder parametrization
[7] is assumed for the equation of state parameter, 𝑤(𝑧) = 𝑤0 + (𝑤𝑎 ∗ 𝑧/(1 + 𝑧)). 𝐻0 is estimated
in each bin through the minimization of the following 𝜒2 model:

𝜒2 = Δ𝜇𝑇C−1Δ𝜇. (1)

Here Δ𝜇 is the difference between the theoretical distance moduli of SNe Ia and the observed
one and C is the total covariance matrix of SNe Ia where both the contributions of systematic
uncertainties (𝐶𝑠𝑦𝑠) and statistical uncertainties (𝐷𝑠𝑡𝑎𝑡 ) are included: C = 𝐶𝑠𝑦𝑠 + 𝐷𝑠𝑡𝑎𝑡 . The
values of 𝐻0 are then fitted with a function that decreases with 𝑧, described by the following
equation:

𝐾 (𝑧) =
𝐻′

0
(1 + 𝑧)𝑞 , (2)

where the fitting parameter 𝐻′
0 = 𝐻0 at 𝑧 = 0 and 𝑞 is the evolution parameter that describes

the slope of the decreasing trend. We find that in the 3 bins division for the ΛCDM and 𝑤0𝑤𝑎CDM
models, 𝑞Λ = 0.009± 0.004 and 𝑞𝑤0𝑤𝑎

= 0.008± 0.004 are compatible with the evolution scenario
up to 2.0𝜎. The fittings are reported in Figure 1.

We expanded the current analysis in [8] following the points reported below:
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Figure 1: Left panel. The plotting of the 𝐻0 values estimated in 4 bins together with the fitting 𝐾 (𝑧) in the
ΛCDM model. Right panel. The same plot in the case of 𝑤0𝑤𝑎CDM model. The figures are an excerpt of
[6].

• Two parameters per time were left free to vary, 𝐻0,Ω𝑀 for the ΛCDM and 𝐻0, 𝑤𝑎 for the
𝑤0𝑤𝑎CDM models, respectively;

• The BAOs from [9] were added to the SNe Ia bins;

• The PS is divided only into 3 bins to avoid the dominance of statistical fluctuations on the
posterior distributions;

• The priors have been drawn from the Gaussian distributions, expanded up to 2𝜎, of the
parameters 𝐻0,Ω𝑀 , 𝑤𝑎 where the mean values with 1𝜎 uncertainties are Ω𝑀 = 0.298 ±
0.022, 𝐻0 = 70.393 ± 1.079 𝑘𝑚/𝑠/𝑀𝑝𝑐, and 𝑤𝑎 = −0.129 ± 0.026, respectively;

• The constraint 𝑤(𝑧) > −1 is adopted to avoid the Phantom Dark Energy models;

• The value of M = −19.35 is fixed to the reference one reported in [5], implying 𝐻0 =

70 𝑘𝑚/𝑠/𝑀𝑝𝑐 locally, to avoid the statistical fluctuations given in the recalibration of SNe
Ia when multiple parameters are left free to vary in the likelihood.

The decreasing trend is still present in the PS. In the analysis of [6, 8], the compatibility
with zero of the 𝑞 parameter ranges from 2.0𝜎 in the ΛCDM model up 5.8𝜎 in the 𝑤0𝑤𝑎CDM
model with 𝑞 ∝ 10−2. A possible explanation of this decreasing trend is the presence of unveiled
astrophysical biases for SNe Ia light curve parameters, such as the stretch parameter following the
discussion in [10]. Alternatively, the interpretation of the 𝐻0 decreasing trend via a fundamental
physical effect can be performed via a metric 𝑓 (𝑅)-gravity in the so-called Jordan frame [11, 12].
The subtle question to be addressed concerns the typical feature of the most reliable proposals
for interpreting the dark energy of the present universe [13]. In [14], it has been suggested to
implement a metric 𝑓 (𝑅)-theory in the Jordan frame. The proposed scenario relies on the idea,
first discussed in [6], that the effective behaviour 𝐾 (𝑧) we observe from the data is due to the non-
minimal coupling of the scalar mode present in the modified gravity formulation. This scalar field is
associated with a potential term whose form is fixed by the considered 𝑓 (𝑅) Lagrangian. In solving
the field equations for a flat Friedmann-Lemaitre-Robertson-Walker (FLRW, [15]) dynamics, we do
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not assign the form of the modified Lagrangian, but just the specific form of the scalar field 𝜙(𝑧),
that account for the behaviour of 𝐻0 ∝ (1+ 𝑧)−𝑞 we determined from data. Then two field equations
(one is the generalized Friedmann equation, the other one is the result of variating the gravitational
action with respect to 4𝜙) are then thought as fixing the two unknowns 𝐻 (𝑧) and 𝑉 (𝑧), 𝐻 (𝑧) being
the Hubble parameter and 𝑉 (𝑧) being the searched potential term (i.e. the modified Lagrangian of
gravity) which makes the dynamics a compatible system, respectively. The dynamics are analyzed
by including the matter density contribution of the present universe and generating the vacuum
energy density as a contribution of the potential term, which is written as 𝑉 (𝜙) = 2𝜒𝜌Λ + 𝑈 (𝜙)
(here 𝜒 is the Einstein constant). Thus, one of the two unknowns is specifically the function
𝑈 (𝑧) ≡ 𝑈 (𝜙(𝑧)). We solved the equation analytically and numerically: in the former case, we make
an approximation on the Friedmann equation, while the latter is treated in its exact form. The results
obtained are consistent in the two cases. In particular, from the numerical profile of 𝑈 (𝑧) and the
adopted ansatz for 𝜙(𝑧), we can reconstruct the morphology of 𝑈 (𝜙) (so that 𝑉 is a function of 𝜙,
too, namely 𝑉 ≡ 𝑉 (𝜙)). Hence, we can establish the form of the 𝑓 (𝑅)-Lagrangian. We study an
analytical interpolation of the function 𝑓 , which comes out at low 𝑧 values. The significant output of
this analysis is that the modified gravity theory appears to be a consistent proposal, and no tachyon
mode emerges in its dynamics. We can conclude that the observed smooth power-law 𝐾 (𝑧) profile
for SNe Ia is good evidence of the data analysis and can also be justified in a coherent proposal for
modified gravity. The possibility of finding in the data set a valuable input for possible new physics
and from a consistently modified gravity proposal, a justification for the observed behaviour has to
be regarded as a robust feature of the proposed new scenario for the late universe.

3. Summary and conclusions

We have observed a consistent downward trend in the value of Hubble’s constant (𝐻0) within
the Pantheon Sample (PS). This trend, characterized by an evolutionary coefficient of approximately
10−2, holds statistical significance up to 5.8𝜎. To explain this trend, we must consider the possibility
that it’s not a result of hidden biases in our selection process or the evolution of redshift (𝑧) in the
parameters of SNe Ia. If these factors can be ruled out, we may need to explore theories of
modified gravity, specifically those falling under the 𝑓 (𝑅) framework, as potential explanations for
our current observations. Since the 𝑧 range of SNe Ia is limited up to 𝑧 = 2.26, the 𝐻0 tension calls
for the use of high-𝑧 probes as a cosmological tool, namely the Gamma-Ray Bursts (GRBs) that
follow the fundamental plane relation [16].
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DISCUSSION

DEERAJ PASHAM: It is clear that most of the discrimination power is beyond 𝑧 ∼ 1.5. How
many SNe Type Ia do we have currently above 𝑧 ∼ 1.5? And how this will improve with upcoming
all-sky-surveys like LSST and WFIRST?
Answer: In the PS, only six SNe Ia are observed with a redshift 𝑧 ≥ 1.5, while in the recent PPS
catalogue the SNe with 𝑧 ≥ 1.5 are seven. According to the simulation results reported in [18],
the LSST is expected to observe up to 100 SNe Ia per year at redshift 𝑧 > 1.2. Considering the 10
years lifetime of the survey, this will correspond to an upper limit of 1000 SNe Ia at the end of the
LSST. From the WFIRST SDT [17] the total number of SNe Ia generated in the simulation is 2156
for redshift 0.8 ≤ 𝑧 ≤ 1.7, thus a large fraction of this will be observed at z > 1.5.
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