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ABSTRACT: The origin of the Universe’s late-time accelerated expansion remains unknown.
The General Relativistic Entropic Acceleration (GREA) theory offers a compelling alternative
to ACDM, attributing cosmic acceleration to entropy growth associated with cosmic and black
hole horizons, without invoking a cosmological constant. We test GREA against the latest
DESI DR2 Baryon Acoustic Oscillations (BAO), multiple Type Ia supernova compilations
(Union3, Pantheon+, DES-SN5YR), and cosmic microwave background (CMB) distance
measurements. While GREA is not nested within ACDM, it achieves a comparable goodness-
of-fit, highlighting its potential as a theoretically motivated framework that circumvents
some of the fine-tuning issues of the standard ACDM cosmology. We find that the best-fit
model features a transient phantom crossing at z < 2, with w, = dw(a = 1)/da ~ —0.3,
in good agreement with observations. However, its present-day value wy = w(z = 0) is
tightly constrained to be wy ~ —1. Upcoming low-redshift (i.e. z < 1) cosmological probes,
from both background and perturbations, will offer promising avenues for further exploring
the viability of the GREA theory.

KEYWORDS: dark energy theory, gravity, galaxy clustering, supernova type la - standard
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1 Introduction

The cause of the Universe’s accelerated expansion remains unknown. For the past two
decades, the standard cosmological model (ACDM) has explained it through a cosmological
constant, A [1]. While this model has been in remarkable agreement with a broad range
of observations [2-6], it faces serious theoretical challenges, such as the fine-tuning and
coincidence problems [7, 8], and lacks a fundamental explanation for its two main components:
dark energy and dark matter. In addition, growing observational tensions and anomalies [9—
13]—including discrepancies in the inferred values of the Hubble constant [14-16] and the
amplitude of matter fluctuations! [18-21]—have raised questions about the validity of ACDM.
More recently, data from the Dark Energy Spectroscopic Instrument (DESI), combined with
other cosmological probes, have added to this picture by hinting at ~ 40 deviations from a
ACDM expansion history [22, 23]. If confirmed, these results could represent the first evidence
for new physics beyond ACDM. While they are often interpreted as signs of a dynamical dark

! Although the latest results from the KiDS legacy are fully compatible with the inferred values from the
CMB [17].



energy component [22-28], alternative explanations have been proposed, including exotic
neutrino masses [29, 30| or non-standard dark matter evolution [31, 32], among others [33-38].

Common approaches for modeling dark energy often rely on arbitrary parametrizations of
the equation of state parameter, w(z) = P/p, or non-parametric reconstruction techniques [39—
44], which provide limited physical insight. Parametric models, such as wow,CDM [45, 46],
are widely used due to their simplicity and connection with known physics [26, 46-48].
However, they risk biasing the inference if the true w(z) deviates significantly from the
assumed (parametric) form. Non-parametric methods offer greater flexibility, but require
careful validation and can be difficult to interpret physically. A more informative strategy is
to explore models grounded in theoretical principles. In this work, we investigate General
Relativistic Entropic Acceleration (GREA) [49], a theory in which cosmic acceleration arises
from the entropy growth associated with cosmological horizons [50]. GREA offers a novel,
conceptually motivated alternative to ACDM and allows for direct connections between
cosmology and fundamental physics. In the cosmological context, the GREA theory predicts
that the present acceleration of the universe could arise from the growth of entropy associated
with cosmic [49] and black hole horizons [51], without the need to introduce a cosmological
constant, providing an alternative dynamics to that of ACDM. The GREA theory gives a
covariant formalism for out of equilibrium dynamics in the context of general relativity. A
consequence of GREA is the explicit breaking of the time reversal invariance when there is
entropy production. This drives an entropic force that behaves effectively like bulk viscosity
with a negative effective pressure [51].

Already before the recent evidence of significant deviations from the standard model
of cosmology through state-of-the-art observations by DES-Y5 SNe [52] and DESI [22-
24, 26, 27, 53], GREA was found to provide an equally good description of cosmological
observations than ACDM [54]. Furthermore, GREA not only explains the coincidence
problem, but can also help ease the Hubble tension by shifting the coasting point (when
the universe transitioned from matter domination to acceleration) to higher redshifts and
extending the period of acceleration [55]. In a recent paper [55], we performed a detailed
calculation of the background and linear matter perturbations with the assumption that
the entropy growth responsible for the accelerated expansion comes from the homogeneous
cosmological horizon. We could show that, in this case, the dynamics can be described in
terms of just one parameter, «, the ratio of the spatial curvature to the horizon distance. A
given value of a defines a unique expansion history of the universe, with a dynamics that
differs from ACDM and gives an explicit prediction for all background observables, like the
values of the matter and dark energy content of the universe, the rate of expansion today,
the coasting point, the value of the equation of state of dark energy and its derivative, the
angular diameter and luminosity distances, etc. In this work, we use different observational
datasets, including the latest baryon acoustic oscillation (BAO) measurements from DESI,
to constrain the expansion history, as predicted by GREA.

This paper is structured as follows. In section 2, we introduce the theoretical background
and details of GREA. We describe the observational datasets in section 3, and the methodology
used in the analysis in section 4. Finally, we present our results in section 5 and conclude



3.8

— a=0.88 a=1.11
— a=0.95 — a=1.20
—06F a=1.03 — a=1.29 4

3.7
1 Hs6
135
134

1033

‘ 3.2
10° 10!

1+2 1+ 2 vk

Figure 1. Left: the equation of state in GREA, for various values of the parameter « (or, equivalently
vV —knp), as obtained by integrating eq. (2.1) with initial (CMB-asymptotic) €2, = 0.31,h = 0.678.
Note that for some parameter combinations, the effective w in GREA features a (transient) phantom
crossing—without violating the NEC—and generically predicts a slope of w, ~ —0.3, in line with
observations Right: ¢ = aH(a) as a function of redshift. The dashed black lines in both figures
correspond to ACDM.

in section 6. A quantitative comparison of the Hubble tension across all models considered
in this work is provided in section 5.3.
2 Theoretical background

To obtain the expansion history of the Universe in GREA, we numerically solve for the
(rescaled) conformal time 7 = Hon = Hp [ %, using

-1
47 sinh (27)
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where aeq = Qr0/Qmo is the scale factor at matter-radiation equality, and where €2, ¢ =
Q0 + 0 accounts for photons and (massless) neutrinos and Qo = Q0 + Qeam,o for
baryons and cold dark matter, respectively. In this framework, it is possible to show (see [55])
that the comoving volume, V,, is related to the spatial curvature, k, and the conformal

time 79 = n(z = 0) by
(=k)3?V, =7 [sinh (2V=kno) — 2\/—7/6770] . (2.2)

It is the second term in eq. (2.1) that plays the role of the dark energy, and drives the late-time
accelerated expansion of the Universe. The phenomenology of GREA can be characterized
with a single O(1) parameter, «, defined as [55]

aDy(z=0)=vV—kn, (2.3)

where Dy (a) = H(a)dg(a) = Han(a) is the dimensionless horizon distance, computed from
eq. (2.1).2 Its value today is Dy (z = 0) # 7. As is clear from eq. (2.3), @ determines the size

2In wCDM, this is given by Dy (a) = \/?Ta3/2 -oFy [%, g—ul), 1- é, Qgi:a_sw].



of the curvature scale, \/—kng, relative to the causal horizon today. We integrate eq. (2.1)
with initial conditions deep in the radiation era 7(aini = 10711) = ain;//Q + Qp, giving 7(a).
The effect of varying a on the effective equation of state component, w = P/p, and expansion
history is shown in figure 1, where the corresponding values for v/—kng are reported in the
color bar, and where the black dashed line depicts the ACDM predictions.

3 Datasets

To derive cosmological constraints on GREA, we use the most recent Baryon Acoustic Oscilla-
tions (BAO) observations from the Dark Energy Spectroscopic Instrument (DESI) [24] along
with different supernovae Ia (SNe Ia) compilations and cosmic microwave background (CMB)
data. Here we briefly explain the data and methods we use in this analysis.

Our main observational data set is the baseline Baryon Acoustic Oscillations (BAO) data
(DR2) from the Dark Energy Spectroscopic Instrument (DESI) [22, 24, 26, 56]. We combine
the DESI DR2 BAO data with complementary data sets: Supernovae la, Cosmic Microwave
Background and Big-Bang Nucleosynthesis, as described below.

Baryon Acoustic Oscillations (BAO). This dataset, abbreviated as “DESI BAO”, spans
seven redshift bins from z = 0.3 to z = 2.33 (where the last bin extends out to z ~ 3.5) [57].
DESI is an optical spectroscopic Stage IV survey carrying out a 3-D map over 14,000 square
degrees and within the redshift range 0.1 < z < 4.2 [58-66]. DESI was designed to improve
cosmological constraints on both the expansion history and the growth rate of large scale
structure, through measurements of the clustering of galaxies (BGS, LRGs and ELGs), quasars
or QSOs, and the Lyman-« forest [67-70]. In this work, we use the BAO measurements
from the first 3 years of DESI observations [71]. The galaxy and quasar BAO measurements
used here are in configuration space [57].

Transverse to the line of sight, DESI constrains the ratio between the comoving angular
diameter distance, D), at the effective redshift of the galaxy sample, z.g, and the sound
horizon at drag time, rqy = 7s(2drag), [07):

Dy(zeg) ¢ [P d2 c Zeft (2!

ra  rado H(Z) Heyralo E@F)’

(3.1)

3 where c is the speed of light and E(z) = H(z)/Hy is the normalized Hubble rate. The radial
measurements of the BAO constrain the ratio between the Hubble distance Dy = ¢/H(z), at
the effective redshift of the galaxy sample, z.f, and the sound horizon at drag epoch, r4:

Dy (zefr) c _c 1
rd H(zeg)ra  Horq E(zesr)

(3.2)

3In GREA, derived in the context of open inflation [55], our observable universe is a spatially flat bubble
(2 = 0) nucleated inside a larger hyperbolic space. The parameter k (equivalently x = /—kno) characterises
the size of the causal boundary rather than the spatial curvature of the local metric; it enters the dark energy
source through the comoving horizon volume (—k)*/?V,. = n[sinh(2x) — 2] but does not curve the spatial
sections that photons traverse. The flat expression Dy = ¢ [ OZ dz'/H(2") is therefore exact within the GREA
framework.



In the equations above, egs. (3.1) and (3.2), we explicitly factored out the absolute scaling
set by the (degenerate) combination Hyrq. For the lowest redshift bin, corresponding to
the BGS sample, we use the volume-averaged quantity:

DV(Zeﬁ")
Td
One crucial quantity for the analysis is the sound horizon, r,, defined as
> cs(2)
z 3.4
2 H(Z/) ( )
where ¢s(z) is the sound speed of the photon-baryon plasma, given by

20, — c? - py(2)
O R e &

and ¢ denotes the speed of light in vacuum. The sound horizon in eq. (3.4) is evaluated at

= (2o DRy (%) Dt (ze1)) /3 fra (3.3)

rs(z) =

the baryon drag epoch zgrag >~ 1066, and at recombination z, ~ 1089. The exact values for
Zdrag and z, are obtained using the approximations presented in [72]. These approximations
provide subpercent accuracy for a wide range of parameter values, and they are further
justified by the fact that at high-redshifts, GREA has a ACDM-like expansion history. This
is shown in the right panel of figure 1.

Supernovae Ia (SNe Ia). We use supernova (SN) data from three sets: “Pantheon+”,
“Union3d”, and “DES-SN5YR”. “Pantheon+” is a compilation of 1550 supernovae spanning
the redshift range 0.01 < z < 2.26 [73]. “Union3” contains 2087 SNe Ia processed through
the Unity 1.5 pipeline based on Bayesian Hierarchical Modelling [74]. “DES-SN5YR” is a
compilation of 194 low-redshift SNe Ia (0.025 < z < 0.1) and 1635 photometrically classified
SNe Ia covering the range 0.1 < z < 1.3 [52]. These constrain the distance modulus

w(z) =mp(z) — Mp = 5logo(Dr(z)/Mpc) + 25, (3.6)

where D, (z) = (1 + z)Dps(z) is the luminosity distance, encoding the cosmological model-
dependence. mp(z) and Mp are the apparent and absolute magnitude, respectively. In this
work, we treat Mp as a nuisance parameter.

SHOES measurement of Hy. The Pantheon+ sample includes a set of very low-redshift
Type Ia supernovae with Cepheid-based distance calibrations [14, 73]. These serve as the
local anchor in the distance ladder and effectively constrain the Hubble constant, Hy, or
equivalently, the absolute magnitude of Type Ia supernovae, Mp. In practice, we use
the pantheonplusshoes? likelihood, as implemented in coBAYA €) , and refer to this as
Pantheon+ & SHQES .

Cosmic Microwave Background (CMB). Following [23, 71], we use the compressed
CMB information in terms of (6s,wp,wen). These have been found to yield nearly identical
constraints on late-time dark energy as the full CMB likelihood. The mean values and
covariance matrix have been extracted from the publicly available® P-ACT ACDM chains [75,
76], and include both Planck PR4 [77] and ACT DR6 lensing [78, 79]).

‘https://cobaya.readthedocs.io/en/latest/likelihood_sn.html.
5The chains can be found at https://act.princeton.edu/act-dr6-data-products.
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parameter prior model
Wedm = Qeamoh? | U[0.05,0.5] All
wp = Yy oh? U[0.005,0.1] All
Ho [kms~!Mpc™t] | U[20,100] All
V—kno U1, 5] GREA
Qo U[—-0.3,0.3] | ACDM +

Table 1. Parameters and priors used in the analysis. All of the priors are uniform in the ranges
specified below, except for the runs including +BBN, where a Gaussian prior on wy, is used instead [80].
The “Model” column specifies which model each parameter belongs to: parameters labeled “All”
are common to every model considered in this work, while v/—knyq is specific to GREA and Q0 to
ACDM+Qy; these are not simultaneously free parameters of any single model.

Big-Bang Nucleosynthesis (BBN). When we don’t include the CMB data, we include a
prior on wy = Qph? from big-bang nucleosynthesis (BBN) [80] to break the Ho-rq degeneracy
and “calibrate” the distances from BAO and SNe.

4 Methodology

To confront the predictions of GREA to the data, we numerically implement eq. (2.1) into
a Python package, greapy €) . We then sample the posterior distribution of GREA using
Markov Chain Monte Carlo (MCMC) methods. In particular, we use the Metropolis-Hastings
algorithm [81, 82], as implemented in the publicly available sampler cOBAYA [83]. The
parameter space associated with GREA is © = {Hy, wWedm, Ws, \/—7143770} and unless specified
otherwise, we assume flat uninformative priors on all parameters, listed in table 1. Throughout
this work, we assume massless neutrinos, with Neg = 3.044 and a fixed spectral index,
ng = 0.965. We do not expect the inclusion of massive neutrinos or a different spectral tilt
to significantly alter our conclusions, as none of the observables used in the analysis are
sensitive to such parameters. We assess the convergence of our MCMC chains using the
Gelman-Rubin (R — 1) criterion [84] and require all of our chains to satisfy R —1 < 0.01. We
analyze our chains and produce our plots using the python package GetDist [85]. Finally, for
the Pantheon+, DES-SN5YR, and Union3 likelihoods, the marginalization over the absolute
magnitude Mp is done analytically. As in previous DESI analyses, we adopt the o and
o parametrization to characterize the angular and radial BAO scales relative to a fiducial
ACDM model. While a fully consistent treatment would involve recomputing the anisotropic
two-point correlation function within the GREA framework, this is beyond the scope of
the present work. Nonetheless, we note that the standard BAO compression scheme has
been shown to be robust for a wide class of cosmological models, including those beyond
ACDM [86]. In particular, GREA belongs to the class of homogeneous and isotropic FLRW
models, and its linear perturbation theory yields a growth history (figure 10) that encompasses
that of ACDM [55]. The primary difference lies in the dynamical evolution of the effective
dark energy component.
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Figure 2. Marginalized constraints on parameters of GREA from DESI BAO DR2 and the various
SNe Ia compilations: “Pantheon+”, “Union3”, and “DES-SN5YR” (section 3). We show the impact of
an early-universe calibration of distances through the inclusion of a BBN-prior on wj, = Q,h? [80], or
at late-times by including SHoES [14]. The light gray unfilled contours show the uncalibrated results
when using the DESI BAO and Pantheon+ datasets, which constrain only the product Hyrq and Qp, o.
For reference, we show here the Hy measurements from SHyES [14] with the light grey vertical bands.
The inferred parameters are consistent for the Pantheon+, Union3, and DES-SN5YR SN datasets.

To compute the Bayesian Evidence Z required for model selection, we use the nested-
sampling algorithm implemented in POLYCHORD [87, 88| for specific data combinations. In
essence, Bayesian Evidence enables the direct comparison of competing models via their
ratio, known as the Bayes factor, K, which quantifies the relative support for one model over
another by simultaneously considering the goodness of fit and penalizing for model complexity.
However, it is important to note that model selection based on the Bayes factor has limitations,
and conclusions drawn from such analyses must be interpreted with caution [89-91]. The
interpretation of the Bayes factor can be sensitive to the choice of priors, not only parameter
ranges but also theoretical priors, and its effectiveness may diminish when comparing models
that differ significantly in their underlying theoretical assumptions or parameter space.

5 Results and discussions

5.1 Late-time probes

We begin by discussing the results obtained from late-time (low-redshift) probes. figure 2
presents the constraints derived from combining the DESI DR2 BAO measurements with
various available supernova Ia (SNe Ia) compilations (section 3). The light gray (unfilled)
contours represent the uncalibrated DEST BAO and Pantheon+ datasets, which constrain
only the fractional matter density, 2, o, and the absolute scaling, Hyorq. The uncalibrated
distances probed by the SN+BAO combination constitute a sensitive probe of the shape
of the expansion history E(z) = H(z)/Hy, as seen from egs. (3.1), (3.2) and (3.6). Thus,



the uncalibrated SN+BAO data alone can constrain the fractional matter density, €, o, and
a, but not the individual physical densities wy, and we.

The late-time probes (SN & BAO) allow for values of Hy compatible with SHyES [14]
(shown as a vertical shaded band in figure 2) while implying a reduced size of the sound horizon,
relative to ACDM, and therefore an increase in wy, (in tension with BBN). Such a value of Hy,
in combination with a large €y, o, inevitably leads to an increase of wy, = Wedm +wp = Qm’th
(figure 2). This is common to many models attempting to address the Hubble tension,
as recently emphasized in [92, 93]. Such an increase in the physical matter density has
important implications for the acoustic peaks in the cosmic microwave background and the
clustering of matter at late times.

To break the Hy-rq degeneracy, we also incorporate a big-bang nucleosynthesis (BBN)
prior on wy = (2.23140.05) x 1072 [80], effectively calibrating distances in the early universe by
fixing the size of the standard ruler, 4. The constraints on o = 1.09 4 0.012 are stable across
different SN compilations, while the constraints on {2, o marginally depend on the choice
of SN, with DES-SN5YR. driving the preference for higher matter densities with respect to
Pantheon+ and Union3, in agreement with previous findings [22, 24, 26, 52]. For conciseness,
in what follows we will focus on and only show results using the Pantheon+ compilation.

5.2 The role of the CMB

In figure 3, we report the constraints including CMB information. The CMB constrains
the late-time expansion history primarily through an exquisite (~ 0.04%) measurement of
the acoustic scale 85 = rs(2«)/Dr(24). Recall that the relative height of odd/even acoustic
peaks in the CMB tightly constrains the physical baryon density, w, = Qp, 0h? [94, 95]. Thus,
the angular size of the sound horizon, together with the physical energy densities wy, and
Wedm, carries most of the geometrical information contained in the CMB. Within ACDM, the
CMB distance priors provide constraints on the fractional matter density, {2y, 0, and Hubble
constant, Hy. In GREA, however, because of the degeneracies introduced by the parameter
a, we can no longer estimate Q0 and Hp purely from such measurements (as shown by
the gray contours in figure 3). This is reminiscent of the intrinsic geometrical degeneracy
between matter and dark energy (2w and w(z)) [e.g. 43, 96-99].

Let us now discuss the results of the DESI BAO & CMB combination. While the
CMB is sensitive to the product Qmphz, DESI BAO measurements probe the fractional
matter density {1y, o directly. Thus, including the DESI data breaks these degeneracies by
providing constraints on Qo (see figure 3). In turn, this allows for an estimation of Hy, and
more importantly, of a, which characterizes the phenomenology of GREA. Including SNe Ia
distance measurements, which are also highly sensitive to the fractional matter density, yield
constraints of Qy, o = 0.317+£0.009 (Qm 0 = 0.292+0.004) for the DESI BAO & Pantheon+ &
BBN (DESI BAO & Pantheon+ & CMB) combination. Notably, swapping Pantheon+ with
the DES-SN5YR compilation pushes Hy to lower values, due to the preference for a higher
Qo in comparison to Pantheon+. The derived constraints on the effective equation-of-state
parameters wy and w, are shown in figure 4.

These differences in {2, o between analyses with and without Pantheon+ are reflected in
the degraded fit quality to the combined data, as shown in table 2. This fit degradation, driven
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Figure 3. The full posterior distribution for GREA’s cosmological parameters (section 2), inferred
from fitting the model to different datasets, including DESI DR2 [71], as indicated in the legend. The
light gray unfilled contours show the uncalibrated results when using the CMB data from P-ACT
(section 3), which is sensitive to the product O, oh?. Note that the Pantheon+ data prefer higher
matter densities than the DESI & CMB datasets, leading to some tension in some of the projected
parameter space. These inconsistencies are also reflected in the degraded fit to the data.
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Figure 4. Left: derived constraints on the equation of state parameter w(a = 1) and its derivative
we = —%%(a = 1) today for GREA. Note that the parametrization w(a) = wo + wq(1 — a) does
not capture the full behavior of the equation of state in GREA (figure 1). These two parameters
only capture the very low-z behavior, and we report them here for comparison with the standard
wo-w, analysis. A negative slope w, ~ —0.3 is quite a generic prediction from GREA, while its value
today wg, depends on the value of «, as illustrated in figure 1. Right: zoomed in version around the
region favoured by GREA. The black contour shows the wow,CDM constraints from the DEST DR2
& Pantheon+ & CMB (P-ACT) combination.

Data AX? | Xérea | XAcom | XAconiro, | Xigws

DESI & BBN 3.6 13.9 10.3 9.9 5.6

DESI & CMB 3.0 17.0 13.9 10.5 7.3
DESI & Pantheon+ & BBN 5.9 | 1422.1 | 1416.2 14144 1411.3
DESI & Pantheon+ & PR4 13.4 | 1433.5 | 1420.1 1416.0 1413.0
DESI & Pantheon+ & SHoES 5.8 | 1471.2 | 1465.3 1463.6 1460.5
DESI & Pantheon+ & PR4 & SHoES | 0.4 | 1498.2 | 1497.8 1490.1 1490.4

Table 2. The goodness of fit for different models and dataset combinations, Ax?2, obtained with the
minimizer IMINUIT [101]. The second column shows Ax? = x&pzpa — Xacpum- Note that CMB here
refers to Planck PRA4.

by subtle differences in preferred €, o, is a key reason why many late-time modifications
to the expansion history struggle to resolve the “cosmic calibration” problem [16, 92, 100],
especially when combining the Hubble diagrams probed by SNe Ia and BAO. We quantify the
ability of GREA to ease the Hubble tension in section 5.3, where we compare the Gaussian
tension with the SHyES measurement across all four models considered in this work, finding
that GREA achieves a tension of ~ 2.50 with BBN calibration, at the cost of a degraded
fit to the combined data.
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Figure 5. Visual representation of the goodness of fit compared to the ACDM model, for the different
models and dataset combinations as shown in table 2: Ax? = x? — xicpy (left), and AlnZ =
log Z' — log ZACPM values (right). The Bayesian evidence, Z, is computed using POLYCHORD [88].

Finally, it is insightful to introduce an effective dark energy density peDHE as

H(z)
H(0)

2
QDE,O fDE(z) = ( ) — Qm,o(l —+ 2)3 — Qr70(1 + 2)4, (5.1)

where Qpg o = % p%HE,O ~ (1 — Qo) and fpr(z) = pefoE(z) / pefoE’O determines its redshift
evolution, from which we can compute its effective equation of state, using

_ _% [2a +(a) coth[2r(a)] + 1} . (5.3)

The marginalized constraints on these two key quantities are depicted in figure 6 for
the DESI & Pantheon+ & CMB data combination. These two quantities allow for a direct
comparison of the best-fit GREA model with the data-driven (model-agnostic) reconstructions
of the DE phenomenology, presented in [23, 24, 28]. The behaviour of w(z) in GREA,
particularly at low redshift, does not fully match the trends suggested by non-parametric,
model-independent reconstructions. This mismatch is also reflected in the fit to the data,
where the phenomenological wyw,CDM model-—whose functional form closely follows the
reconstructed w(z)—consistently outperforms both ACDM and GREA. While this discrepancy
could have been anticipated from the allowed shape of w(z) in GREA (figure 1) even before
fitting, it is still valuable to confront the model with data, as this allows us to constrain
its parameters and quantitatively assess its viability.
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Figure 6. Constraints on the equation of state, w, and normalized energy density, fpr = ppE/PDE,0;
from the DESI & Pantheon+ & CMB data combination in wow,CDM (in gray; these are the predictive
posterior obtained by propagating the wyw,CDM MCMC chains through w(a) = wo + w.(1 — a))
and GREA (in blue). The shaded bands represent the 68% and 95% confidence levels computed by
drawing a large number of samples from the chains.

In figure 7, we display the best-fit predictions for the different models on top of BAO
observables Dy (z)/rq and Fap(z) = Dj;/Dy normalized to their fiducial values.® The
isotropic and anisotropic BAO distortion parameters at 0 < z < 1 can help distinguish the
best fit GREA and the wow,CDM models (see figure 7).

When fitting the combined (DESI & Pantheon+ & CMB) data, the high-redshift evolution
of the distance modulus is the same for both the best-fit GREA and wyw,CDM models
describing current observations, except for very low redshift z < 0.5, where the increase
in HOREA ~ [ACDM Jeads to DEREA < DACDM (figure 8). Note that the uncalibrated
Pantheon+ data (black circled datapoints) does not constrain Hy, nor Mp, but only their
product. Thus, for a given Hy there is freedom to choose the corresponding Mp that best
fits the data. For simplicity, we normalize these measurements to the fiducial ACDM value.
When calibrating distances with the cepheids-based (SHoES ) measurements (dashed lines
in figure 8), as expected, the very low-z evolution is almost identical between the three
models, and deviations only appear at intermediate redshift, where the wow,CDM seems
to fit the SN data better.

5.3 Implications for the Hubble tension

One of the most persistent tensions in modern cosmology is the ~ 4-50 discrepancy between
the value of the Hubble constant inferred from early-universe measurements [4] and the direct
local measurement by the SHoES collaboration, HFHFS = 73.04 +1.04 kms~! Mpc™! [14].
As discussed in section 5.1, (uncalibrated) SNe Ia and BAO data only constrain the normalized
expansion history F(z) = H(z)/Hy, and the degenerate combination Hory. A calibration of
the sound horizon — either through BBN or the CMB — is required to infer Hy individually.
Here we quantify the ability of GREA to ease this tension and compare it to ACDM,

5This corresponds to the baseline ACDM parameters used by the AbacusSummit suite of N-body simulations
https://github.com/abacusorg/AbacusSummit/blob/main/Cosmologies/abacus_cosm000/CLASS.ini. For
more details on the BAO measurements, see e.g. [102].
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Figure 7. Evolution with redshift of the volume-averaged distance, Dy (left panel); and the
anisotropic distortion measured with the comoving angular diameter distance signal, Dy, (right panel,
see details in section 3). Observational datasets are shown as open symbols. In each panel, the best
fit model (BAO & SNela & CMB) for ACDMis shown by blue lines, GREA by red lines, and the
wow,CDMmodel by yellow lines. The largest differences between the GREA and wow,CDM bestfit
models are found at z < 1.
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Figure 8. Evolution with redshift of the distance modulus residuals, Ay = p— 9. The (uncalibrated)
Pantheon+ are shown as open symbols, where as the SHoES -calibrated Pantheon+ measurements are
shown as diamonds. The solid lines correspond to the best fit models to the full (DESI & Pantheon+&
CMB) data combination. The dashed lines shows the corresponding bestfit predictions to the SHoES
-calibrated (DESI & Pantheon+) measurements.

ACDM+€)., and wow,CDM. We use the Gaussian tension metric,
’HO - H§HOE5|

2 2 ’
\/H, t OSHOES

evaluated for each model and dataset combination, and report the results in figure 9.

T =

(5.4)

The reason why GREA can raise Hy relative to ACDM is rooted in its expansion history.
As shown in figure 1, the GREA background features an enhanced @ = aH (a) at low redshift
compared to ACDM. With the BBN calibration, GREA achieves the lowest Hubble tension
among the models considered, at the ~ 2.5¢ level, compared to ~ 3-4¢ for ACDM. However,
this improvement is not without cost: the higher Hy implied by GREA, in combination with
the large 2y o preferred by the SNe Ia and BAO data, drives an increase in the physical
matter density wy, = Qumoh?, which degrades the fit to the CMB (table 2). Moreover, a
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Figure 9. Gaussian tension with the SHyES estimation of Hy = 73.04 £ 1.04 kms~! Mpc™! [14],
comparing the BBN (blue) and CMB-based (yellow) calibrations for the various models considered in
this work. Due to its capacity to raise the value of Hy (figure 1), consistently achieves the lowest tension
among the models considered—reaching the ~ 2.20 (~ 2.70) level with BBN (CMB) calibration,
respectively—albeit with an overall degraded fit to the combined data (figure 5).

larger Hyp—at fixed BAO angular scale—requires a smaller sound horizon, to match the
observed peak positions. Since we work under the assumption of a (ACDM-like) early-time
expansion history, the increase in Hy naturally predicted by GREA cannot be compensated
by a decrease in ry. When the CMB calibration is used instead, the tight constraint on w,,
from the acoustic peaks suppresses this effect, and all models converge to similar tension levels
of ~ 3-4c. This illustrates the “cosmic calibration” tension [92]: late-time and early-time
datasets impose conflicting requirements on Hg and r4 that no simple modification of the
late-time expansion history can simultaneously satisfy.

5.4 Further constraining GREA

In GREA, for scales of cosmological interest, the growth of density perturbations (in the
linear regime) obeys [55]
1 !/ ! 3
a(T)8" (1) +d'(1)d' (1) = §Qm705(7) , (5.5)
where § = p/p — 1 is matter density contrast and a prime denotes differentiation with respect
to conformal time, 7. The modified growth of perturbations stems from the modified evolution

of the scale factor, a(7) # a*“PM, encoded in the Hubble friction term above. It is convenient

to rewrite the growth equation eq. (5.5) in terms of the growth factor f =4'/6 = ggg, giving
, E 3

7(@)+ (£a) +2+ ) fla) = 2 Qmla), (56)
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Figure 10. Growth of density perturbations as a function of redshift for the range of GREA
predictions spanned by different values of «, illustrating the direct link between the single GREA
parameter and the growth of cosmic structures. Left: evolution of the combination fog(z), probed
by redshift-space distortions. Right: corresponding growth index y(z) =ln f(z)/In,,(z) evolution.
The fog(z) measurements have been extracted from the DESI DR1 ShapeFit+BAO analysis [53].
These data points are shown for illustrative purposes only and have not been used in the parameter
estimation presented in this work. The black dashed line on both panels corresponds to ACDM.

where ' = d/dIna, Qm(a) = Qmo a3E~2 and E = H(z)/Hy. We integrate eq. (5.6)
with initial conditions deep in the matter dominated epoch, with f(ai,) = 1.7 From an
observational viewpoint, the relevant quantity is the combination [103]

fos(a) = f(a) - os(a) = ";(;0 £6 = ";(;O 5 (5.7)

where og is the amplitude of matter fluctuations, smoothed over scales of radius R =
8h~!Mpc, and dp = §(z = 0). On the left panel of figure 10, we show the evolution of the
growth rate fog(a) at late times for various GREA scenarios, along with the DESI DR1
measurements extracted from a ShapeFit+BAO analysis (table 11 in [53]). The present data
constrain the background expansion history in GREA to be close to that of ACDM, with
preferred values of o ~ 1.09, seen in figure 3 and table 3. Therefore, the corresponding fog
closely follows that of ACDM, as the growth history is fully determined by the expansion
history for DE models inside GR. On the right panel, we display the evolution of the growth
index v(z) = 1In f(a)/In Q,,(a) [104-108]. Interestingly, while the present value of v ~ 0.55 is
close to that of ACDM, at higher redshifts, v(z) has a very different behaviour, satisfying
in particular dvy/dz > 0. This is in sharp contrast with the ACDM case, where v(z) is a
monotonically decreasing function of redshift [109-111]. Forthcoming LSS measurements by
DESI, in combination with Euclid and LSST, are expected to constrain + and its derivative
with high precision [112].

6 Conclusions

General Relativistic Entropic Acceleration (GREA) arises as a consequence of out of equi-
librium phenomena associated with the growth of entropy of horizons. It is a consequence

"In an Einstein-DeSitter (EdS), or matter dominated universe, it is easy to show that §(a) « a & f = 1.
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of quantum gravity holography, which gives a correspondence between the dynamics in a
volume of space and the degrees of freedom in the boundary of that space. The GREA theory
offers a natural explanation for the universe’s accelerated expansion without the need for a
cosmological constant [49, 51, 54, 55]. The accelerated expansion in GREA is associated with
the growth of entropy from cosmic and black hole horizons, making it a promising alternative
to the cosmological constant, A. In addition, this theory introduces a single O(1) parameter
a that encapsulates the effect of GREA as an evolving dark energy scenario, both at the
background and perturbation level. GREA makes precise predictions for various cosmological
observables that can be tested with increasingly accurate observations [55]. For our Universe,
the causal horizon growth associated with the matter/energy content induces a growth in
entropy of the horizon while driving a dynamical entropic acceleration, which is very different
from that predicted by ACDM. Even in the absence of A, the entropic acceleration is enough
to explain the dimming of distant SNe and the recent BAO data from DESI DR2 (figure 7).
Moreover, GREA makes a specific prediction: that the size of our causal horizon today should
be the same as the curvature scale (o ~ 1).

In this work, we have used state-of-the-art BAO measurements by the DESI collabora-
tion [22, 57, 60, 70, 102], together with other external datasets (section 3), to constrain the
free parameters of GREA (section 4). GREA achieves a fit to observations comparable to
the phenomenological ACDM model® (table 2 and figure 5). This is particularly encouraging
as ACDM and GREA are not nested models. Despite the Bayesian evidence favouring the
phenomenological ACDM model, the alternative GREA scenario remains compelling. We
emphasize that usual model comparison metrics, such as Ax? and the Bayes ratio, should be
interpreted with care for non-nested models, such as GREA and ACDM. We have reported
the Bayes ratios assuming equal priors for the underlying models. Perhaps a more appropriate
choice is to weight the alternative hypothesis according to their theoretical basis. This could
potentially penalize ACDM and wyw,CDM with respect to GREA and change the odds in
its favour. In the Bayesian framework, the preference for one model (M7) over another (M)
is usually assessed by computing the Bayes ratio, K, given by
_Z1 _ P(D|My) _ P(M|D) (M)
2o P(D|Mo)  P(Mo|D) (M)’
where II(M;) and Z; = P(D|M;) are the prior probability and evidence for model M;,
respectively. The quantity P(M;|D) is precisely what we want to estimate; that is, the

K

(6.1)

probability of the model, given the observed data. Most of the times, we assume II(M;) =
I1(My) = 0.5, as most DE models are purely phenomenological, and we cannot favour one
over the other, purely on theoretical grounds. The ratio of Bayesian evidences should be
weighted according to the reliability of the model priors. In particular, having values of A
orders of magnitude below quantum gravity expectations should heavily penalize ACDMwhen
compared against GREA. However, we have not taken this into account in our analysis and
conclusions. We leave this analysis for a future publication.

Our analysis suggests that GREA can account for the data to some extent without
invoking a fine-tuned (infinitesimally small and positive) cosmological constant. The best

8We note that x? differences are reported relative to ACDM. The goodness of fit of ACDM has been
assessed in previous works [53, 71].
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GREA model that fits the observational data point towards a transient phantom crossing at
z < 2 (see figure 6). We note that we have worked under the assumption of a ACDM-expansion
history at early times (in particular, at matter-radiation equality). It would be interesting
to explore how alternative initial conditions, e.g., with an Early Dark Energy (EDE)—like
component or modified physics at recombination, can alter the derived constraints. Moreover,
we have assumed that the main effect of GREA comes from the homogeneous entropy growth
of the cosmic horizon. If GREA arises also from the gravitational collapse of inhomogeneous
structures that form the cosmic web [51], it may modify the late universe dynamics in a way
that could be tested with future cosmological data. This analysis, however, requires non-linear
N-body simulations which go beyond the state-of-the-art. We leave this for future work.

Additional observational data will be critical to further assess the viability of GREA. Data
at z < 1, probing the growth of cosmic structures and the evolution of matter perturbations
will be particularly interesting (figure 10). Forthcoming measurements from DESI and other
stage-IV experiments will provide an opportunity to rigorously test the predictions of GREA
across a wider range of cosmological observables.
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Datasets Qmo 102wy, Ho[kms~! Mpc™!] o
DESI & Pantheon+ 0.323 £ 0.012 - - 1.106719 0018
(Uncalibrated) (0.316) (-) (=) (1.092)
DESI & BBN 0.300 £ 0.011 2.23+0.05 70.9+1.5 1.105 £ 0.013
(0.208) (2.23) (70.8) (1.104)
DESI & Union3 & BBN 0.315 £ 0.010 2.23 +£0.05 69.5+ 1.3 1.094 +£0.012
(0.315) (2.23) (69.4) (1.092)
DESI & DES-SN5YR & BBN 0.326 £ 0.008 2.23+0.05 68.6 +1.2 1.088 +0.012
(0.325) (2.23) (69.5) (1.087)
DESI & Pantheon+ & BBN 0.317 £ 0.009 2.23 £ 0.05 69.4+1.3 1.093 +0.012
(0.316) (2.23) (69.4) (1.003)
DESI & PR4 0.288 £0.004 2.217+£0.014 70.44+0.5 1.0994 + 0.0029
(0.287) (2.215) (70.4) (1.099)
DESI & P-ACT 0.287 £0.004 2.247 4+ 0.011 70.4+0.5 1.0962 + 0.0023
(0.287) (2.247) (70.4) (1.096)
DESI & Pantheon+ & PR4 0.292 £0.004 2.216 £0.014 69.9+0.5 1.0995 +£ 0.0027
(0.292) (2.215) (69.9) (1.099)
DESI & Pantheon+ & P-ACT 0.291 £0.004 2.247 £0.011 69.9 +£0.5 1.0961 + 0.0024
(0.291) (2.246) (69.8) (1.096)
DESI & Pantheon+ & SHoES 0.317 £ 0.009 2.68 £0.14 72.9+1.3 1.092 £ 0.012
(0.316) (2.646) (72.8) (1.093)
DESI & Pantheon+ & PR4 & SHoES 0.287 £0.004 2.218 £0.014 70.6 £ 0.5 1.0997 + 0.0029
(0.287) (2.218) (70.6) (1.100)
DESI & Pantheon+ & P-ACT & SHoES 0.286 +0.004 2.248 £+ 0.011 70.5+0.5 1.0967 £ 0.0024
(0.285) (2.247) (70.6) (1.096)

Table 3. 68% credible intervals for the cosmological parameters in GREA, using various dataset
combinations. We also report the mazimum a posteriori (MAP) values in parentheses, obtained with
the minimizer IMINUIT [101].

The authors are honored to be permitted to conduct scientific research on I'oligam Du’ag
(Kitt Peak), a mountain with particular significance to the Tohono O’odham Nation.

Data availability. Data from the plots in this paper will be made available on Zenodo
(https://zenodo.org/records/22682067) as part of DESI’s Data Management Plan.
A Parameter constraints

In table 3, we report the marginalized constraints on the cosmological parameters of GREA,
for the various data combinations considered in this work.

B Comparison with DESI DR1

Throughout this work, we have used the BAO constraints from DESI DR2. We explore how
the constrains have improved going from DR1 to DR2 in figure 11. DESI DR2 contains 6671
dark tiles, increasing by a factor of 2.4 the number of objects released in DR1 [71].
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Figure 11. Similar to figure 2 but comparing the results using either DESI DR1 or DR2, combined
with the Pantheon+ sample and the CMB data from P-ACT. The constraining power in the curvature
scale parameter, v/—kno, is improved by 60% when moving from DESI DR1 to DESI DR2, including
also SNe Ta and CMB data.

We find that the constrains improved by a factor of ~ 2 when moving from DR1 to DR2.

The central values stay within 1o. The trends seen for the central values are similar to the
results shown in figure 2 when removing the SN data from the DESI DR2 & Pantheon+ &
CMB. In terms of the curvature scale parameter, v/—kng, the constraints in DR2 are 60%

tighter than in DRI.
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Figure 12. Comparison of the constraints obtained using the compressed CMB measurements
of (05, wp,wpc) extracted from either Planck (CamSpec) PR4, or the Planck PR3+ACT (P-ACT)
combination.

C CMB compression and comparison with CamSpec PR4

In this appendix, we compare the constraints obtained using the CamSpec CMB likelihood,
based on the Planck PR4 maps, with those obtained from the Planck and ACT (P-ACT)
combination [75, 76]. These results are shown infigure 12. The compressed CMB information
from the Planck (PR4) chains can be found in appendix A of ref. [71]. Here, we provide the
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Figure 13. Marginalized constraints on GREA parameters using the DES-Dovekie SNe Ia compila-
tion [113] (filled contours), compared against our baseline Pantheon+ results (unfilled contours). The
posteriors are fully consistent and our conclusions remain unchanged.

equivalent from the P-ACT chains [75]. The data vector and covariance matrix are given by

1006, 1.04165
D= w, |=10.0225046], (C.1)
Whe 0.141640

6.64717 x 1078 2.71701 x 1079 —3.92400 x 108
Y= 2.71701 x 107 1.20267 x 1078 —3.49601 x 1078 | , (C.2)
—3.92400 x 1078 —3.49601 x 10~% 1.11695 x 106

from which we construct the likelihood —21In £ = 2 in the usual way,
X=rt.-xtF (C.3)

where 7 is the residual vector between the theoretical predictions and the data vector D.

D Impact of the DES Y5 Dovekie reanalysis

The DES-SN5YR photometric sample has recently been recalibrated in the DES-Dovekie
reanalysis [113], which adopts an improved photometric calibration pipeline and reduces the
preference for dynamical dark energy in the wow,CDM parametrization. Here we assess
whether this recalibration has any significant impact on the constraints derived for GREA.

We repeat the baseline analysis of section 5 replacing Pantheon+ with the DES-Dovekie
likelihood, while keeping all other datasets and priors identical. The resulting posteriors
are shown in figure 13, compared against our baseline Pantheon+ results. We find that the
impact on the GREA parameters is minimal: the posteriors obtained with DES-Dovekie
are fully consistent with the baseline, and the inferred value of o and the goodness of fit
relative to ACDM are essentially unaffected by the recalibration. Our overall conclusions
therefore remain unchanged.
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