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We investigate whether the latest combination of the dark energy spectroscopic instrument (DESI)
Year 3 data release (DR2) baryon acoustic oscillation measurements, cosmic microwave background
(CMB) data (Planck 2018þ ACT), and Type Ia supernovae (SNe Ia) compilations (Pantheon+, Union3,
and DES Y5) favor a dynamical dark energy component, and explore if such a scenario can simultaneously
help resolve the Hubble tension. We contrast two frameworks: the widely used phenomenological w0wa

cold dark matter (CDM) model, and bimetric gravity—a fundamental modification of general relativity that
naturally gives rise to phantom dark energy. The w0waCDMmodel is moderately preferred over ΛCDM, at
the 2–4σ level, when fitting DESI DR2 + CMBþ SNe Ia, but it exacerbates the Hubble tension. By
comparison, bimetric gravity provides a modest improvement in fit quality, at the 1σ level, but, by inferring
H0 ¼ 69.0� 0.4 km=s=Mpc, it partially eases the Hubble tension, from a 5σ discrepancy to a 3.7σ tension.
Including locally calibrated SNe Ia brings the overall preference for the bimetric model over ΛCDM to the
2σ level, comparable to that of the w0waCDM model when including the local SN Ia calibration.

DOI: 10.1103/zz5k-kzzk

I. INTRODUCTION

The standard cosmological model, built on general
relativity and quantum physics, has a remarkably success-
ful history in predicting and explaining cosmological
observations. The discovery of cosmic acceleration in
the late 1990s led to the reintroduction of the cosmological
constant (Λ) as a key component of this framework [1–3].
However, new data hints at an evolving dark energy
component. In particular, the dark energy spectroscopic
instrument (DESI) Year 3 data release (DR2)—which
provides an unprecedented 3D map of more than 14 million
galaxies and quasars—has enabled the most precise baryon
acoustic oscillation (BAO) measurements to date. These
measurements, when combined with complementary data
from the cosmic microwave background (CMB) and Type
Ia supernovae (SNe Ia), suggest that the dark energy
density may evolve with time [4,5].
However, the statistical significance of evolving dark

energy is still modest—typically ≲4σ, depending on the
dataset combination and parametrization—and should
be interpreted with appropriate caution. For instance,

systematic uncertainties in the SNe Ia can significantly
affect the inferred preference for dynamical dark energy
[6–10], possibly due to subtle effects in their cross-
calibration [11]. On the other hand, a majority of dataset
combinations—spanning BAO measurements from DESI
and the Sloan Digital Sky Survey (SDSS), CMB data from
Planck, the Atacama Cosmology Telescope (ACT), and the
South Pole Telescope (SPT), and SNe Ia from Pantheon+,
Union3, and the Dark Energy Survey Year 5 (DES Y5)
data compilations—do favor a time-evolving dark energy.
The strength of this preference varies, and a few specific
combinations—such as SDSS BAO with Pantheonþ SNe
Ia, or CMB data from SPT—show no significant evidence
for dynamical evolution [12,13].
Much of contemporary literature studies phenomeno-

logical models of dark energy, with the Chevallier–
Polarski–Linder (CPL) parametrization being the most
widely used, with the equation of state wDEðaÞ ¼ w0 þ
wað1 − aÞ as a function of the scale factor, a. We will refer
to this as the w0waCDM model. Although computationally
efficient, w0waCDM is not derived from fundamental
physics and thus lacks theoretically justified parameter
priors. Still, such models can offer guidance on which fea-
tures valid fundamental theories may need to accommo-
date. One feature allowed for in w0waCDM is phantom
crossing, where the dark energy equation of state wDEðaÞ
evolves across the phantom divide w ¼ −1 [14–17].
Realizing such an evolution within a fundamental physics
framework such as a scalar field model of dark energy
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faces theoretical challenges, including instabilities and fine-
tuning [18,19], although there are exceptions [20–25].
Another possible hint for dynamical dark energy is the

Hubble tension—the persistent discrepancy between differ-
ent estimates of the Hubble constant (H0) which sets the
present-day expansion rate of the Universe. CMB observa-
tions yield a low value, H0 ¼ 67.4� 0.5 km=s=Mpc [26],
when interpreted within the ΛCDM framework. In contrast,
late-Universe measurements, most notably the SH0ES
team’s distance ladder estimate, give a significantly higher
value, H0 ¼ 73.0� 1.0 km=s=Mpc [27]. This 8% differ-
ence exceeds the 5σ level and has sparked extensive debate
in the literature. A possible resolution may be unaccounted-
for systematics in the distance ladder, see for example
[28–30]. Another possible solution involves modifying the
cosmological expansion history, for example through a
dynamical dark energy component that increases the
CMB-inferred value of H0. See Refs. [31–34] for reviews.
Taken together, the DESI DR2 results and the Hubble

tension present two potential hints of dynamical dark
energy. A natural question is whether they point toward
a common form of dark energy. For the CPL parametriza-
tion, the answer appears to be no: when fitting DESI DR2
jointly with CMB and SNe Ia data, the inferred Hubble
constant falls even below the ΛCDM value of
67.4 km=s=Mpc, thereby worsening the tension [4,5,35].
Executive summary. In this work, we show that bimetric

gravity—a natural extension of general relativity—is pre-
ferred over ΛCDM at the 1σ level by DESI DR2 BAOþ
CMBþ SNe Ia data, while also predicting a higher Hubble
constant, H0 ¼ 69.0� 0.4 km=s=Mpc, thereby easing the
Hubble tension to 3.7σ from an initial >5σ discrepancy.
Although current data offer intriguing but not yet decisive
hints of dynamical dark energy, bimetric gravity stands out
as a theoretically motivated scenario. Future observational
efforts, including model-independent reductions of the
DESI BAO data and targeted searches for bimetric-specific
gravitational-wave signatures, will be essential to deter-
mine whether these hints reflect genuine new physics
beyond ΛCDM.

II. DATA DESCRIPTION

Our analysis incorporates BAO measurements from
DESI DR2, derived from observations of galaxies, quasars,
and Lyman-α tracers [5]. For the CMB, we use a com-
pressed likelihood combining data from the Planck 2018
data release [36] and ACT Data Release 6 [37], as provided
in Ref. [38]. SNe Ia distances and magnitudes are taken
from three sources: Pantheon+ [39,40], the binned Union3
sample [41], and DES Y5 [42]. To minimize systematic
effects due to peculiar velocities, we include only super-
novae with z > 0.023.1

III. BIMETRIC COSMOLOGY

Bimetric gravity is a natural extension of general
relativity (GR) introducing a second metric, denoted fμν,
alongside the familiar space-time metric of GR, gμν. The
requirement of theoretical consistency makes the theory
strongly constrained, introducing four constant para-
meters beyond those of ΛCDM [43,44]. When the equa-
tions of motion are linearized, the theory reveals two types
of gravitational waves: one massless, like in GR, and one
massive [43,45]. The mass is denoted mFP after Fierz and
Pauli [46]. Importantly, each of the metrics gμν and fμν is a
linear combination of the massless and massive modes.
This is similar to how neutrino flavor states are mixtures of
mass states. The degree of mixing is controlled by a
parameter known as the mixing angle, θ, with GR being
recovered as θ → 0, where the massless mode aligns
with the space-time metric gμν, whereas for θ → π=2, it
is aligned with the massive mode [44].
The redshift evolution of the cosmic expansion rate,

HðzÞ, is governed by the Friedmann equation. In a spatially
flat universe, it reads

�
HðzÞ
H0

�
2

¼ Ωm;0ð1þ zÞ3 þΩr;0ð1þ zÞ4 þ ΩDEðzÞ: ð1Þ

Here, the dark energy density ΩDEðzÞ originates from the
interaction between the two metrics and can be expressed in
terms of the ratio of the scale factors of the two metrics,
y ¼ ag=af, with ag being the scale factor of gμν and af the
scale factor of fμν,

ΩDE ¼ΩΛ − sin2θm2
FPð1− yÞ

�
1þ αð1− yÞ þ β

3
ð1− yÞ2

�
:

ð2Þ

The ratio of the scale factors, y, is the solution of a
quartic polynomial whose coefficients are determined by
the theory parameters and the total mass density (see
Appendix A). Moreover, y is a monotonically increasing
function of time: it starts at y ¼ 0 at the big bang and
approaches y ¼ 1 in the far future. Thus, ΩΛ is the
asymptotic (far-future) cosmological-constant value of
the dark energy. In addition to the parameters θ, mFP,
andΩΛ, the theory includes two additional constants, α and
β, described further in Refs. [44,47], which play a key role
in ensuring the presence of a functional Vainshtein screen-
ing mechanism restoring GR in high-density environments.
The bimetric action and cosmological equations of motion
are described in detail in Appendix A and the numerical
procedure for solving the cosmological equations is
described in Appendix B.
Bimetric cosmology does not allow for phantom cross-

ing, but it gives rise to a stable phantom dark energy
component [44,47,48]. This makes it a natural framework

1This differs from the redshift cut employed in the DESI DR2
cosmological analysis where z > 0.01.
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for testing whether the evolution favored by DESI DR2 and
other recent data can be accommodated within a consistent
theory. At early times, the dark energy component typically
behaves like a (possibly negative) cosmological constant,
then transitions through a dynamical phase, and eventually
settles into a larger, positive cosmological constant ΩΛ.
The redshift at which this transition occurs is governed
by the mass of the gravitational field (mFP), see Fig. 1 for
examples.
Altogether, the theory contains five parameters—four

more than the cosmological constant already present in GR.
Crucially, to ensure a ghost-free cosmology and a function-
ing Vainshtein screening mechanism—which is essential
for recovering GR on solar-system and galactic scales, and
thus for observational viability—we explicitly impose these
constraints in our statistical analysis. The detailed con-
ditions are listed in Ref. [44].

IV. RESULTS

Recently, Ref. [49] analyzed a set of bimetric models,
comparing their predicted equation of state with a Gaussian
process reconstruction from Ref. [4]. In the present work,
we go further by performing a full statistical data analysis
of the most general bimetric model. The posterior distri-
bution for the model parameters is inferred using the EMCEE

Python library, implementing Goodman and Weare’s affine
invariant Markov chain Monte Carlo ensamble sampling

algorithm [50,51]. The likelihood is described in detail in
Appendix B.
In Fig. 2 we show the results forH0 and θ when a general

bimetric model (five free theory parameters) is fitted to
BAO (DESI DR2), CMB (Planck 2018þ ACT), and three
different SNe Ia compilations. Recall that ΛCDM is
recovered in the θ → 0 limit. We observe a clear preference
for a nonzero θ indicating that the bimetric model provides
a better fit than ΛCDM.
Our results can be compared to those of Ref. [49],

particularly their Fig. 3, revealing some significant
differences. For example, our full statistical analysis yields
constraints on the mixing angle θ and mass scale mFP
shown in Fig. 3 which has a very different shape compared
with Fig. 3 of Ref. [49]. In particular, in the present work
mFP is only constrained from below, with a lower bound of
mFP > 3.0 × 10−32 eV at 68% credence while Ref. [49]
reports a bounded interval for this parameter. The sharp
cutoff in mFP seen in Fig. 3 is due to the Higuchi bound,
ensuring a ghost-free cosmology, see Refs. [44,52–54]. We
obtain θ ¼ 6.1°þ1.7°

−2.1° , whereas Ref. [49] reports a somewhat
higher value of θ ≃ 9°. Since Ref. [49] only fits the equation
of state, they report wide constraints on the cosmological
constant contribution, ΩΛ ¼ 0.70� 0.12, whereas our full
statistical analysis yields much tighter constraints, ΩΛ ¼
0.699� 0.004, comparable to those in the w0waCDM

FIG. 1. Redshift evolution of the dark energy density for three
different values of the bimetric mass parameter mFP. For
reference, H0 ∼ 10−33 eV. While the detailed evolution of ΩDE
can vary considerably depending on the theory parameters, it
always follows the same qualitative pattern: beginning as a
(possibly negative) cosmological constant in the early Universe,
here around −4, then transitioning to a greater late-time valueΩΛ.
A largermFP corresponds to an earlier transition. For comparison,
the evolution of a w0waCDM model with w0 ¼ −0.8 and
wa ¼ −0.9 is also shown, highlighting differences in behavior
between the bimetric and w0waCDM models.

FIG. 2. Results for a general bimetric model. Marginalized
posterior constraints on H0 and θ from BAO (DESI DR2), CMB
(Planck 2018þ ACT), and three different SNe Ia compilations.
Contours show the 68% and 95% credence regions. In the limit
θ → 0, the standard ΛCDMmodel is recovered. In contrast to the
w0waCDM model, the results show strong consistency across the
three SNe Ia compilations. The inferred Hubble constant is
significantly higher than for the w0waCDM and ΛCDM models,
thereby reducing the Hubble tension from the 5σ level to 3.7σ.
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DESI analysis [5].2 Finally, Ref. [49] reports tightly
bounded intervals for the two remaining theory parameters
(referred to as A and B in that work; α and β in Ref. [44])
whereas we obtain flat posterior distributions for these
parameters, indicating that they are essentially uncon-
strained by the data, with the posterior simply reflecting
the assumed prior.3

The difference between our analysis and Ref. [49] likely
reflects the difference in methodologies: by constraining
the model through a low-redshift (z < 2.8) reconstructed
equation of state, the analysis of Ref. [49] does not expli-
citly account for the high-redshift behavior of dark energy
or guarantee consistency with the CMB. The approach of
the current paper on the other hand incorporates the full
data likelihood across BAO, CMB, and SNe Ia, providing
constraints on the theory parameters which ensures com-
patibility with observations across all relevant redshifts.
Moreover, the equation-of-state reconstruction on which
the results of Ref. [49] are based is unable to capture the
behavior of the general bimetric models which allow for a
pole at a specific redshift. See Fig. 5, and Ref. [55] for a
more general discussion on this phenomenon.

Following Ref. [5], we quantify the goodness of fit in
terms of Δχ2MAP, that is, the difference in χ2 between the
best-fit bimetric and ΛCDM models. The significance for
the preference of the bimetric model is reported in terms of
a number of sigmas, following Eq. (22) of Ref. [5]. As
shown in Table I (upper part), bimetric gravity yields a
modest improvement in goodness of fit compared to
ΛCDM, with a preference at the 1σ level.
In Fig. 4, we illustrate how the bimetric and w0waCDM

models improve the fit by plotting their residuals relative
to a fiducial ΛCDM model. This fiducial ΛCDM model
represents the best fit to the CMB data. As shown in Fig. 4,
the w0waCDM model improves the fit by increasing the
expansion rate, thus decreasing the Hubble distance,
relative to the fiducial ΛCDM model at the low-z BAO
points (zeff < 0.93). However, due to the phantom crossing
(see Fig. 5), at redshifts below roughly 0.03, the expansion
rate falls short of the ΛCDM prediction from the CMB,
thereby worsening the Hubble tension. In contrast, the
bimetric model improves the fit by raising the expansion
rate for z≲ 1.4, with the increased expansion rate contin-
uing all the way to present day (z ¼ 0). This behavior,
illustrated in Fig. 5, naturally reduces the Hubble tension
while providing a better overall fit compared with the
ΛCDM model.
The inferred Hubble constant from the bimetric model is

H0 ¼ 69.0� 0.4 km=s=Mpc, which is 0.6 km=s=Mpc
higher than the value obtained when fitting the same data-
sets under ΛCDM, and 1–3 km=s=Mpc higher than that of
the w0waCDM model, depending on the SNe Ia sample.
Notably, the value inferred using the bimetric model is fully
consistent with the local distance ladder result from the
Chicago-Carnegie Hubble Program team, which uses
Tip of the Red Giant Branch stars to calibrate the SNe
Ia, yielding H0 ¼ 69.8� 0.8ðstatÞ � 1.7ðsysÞ km=s=Mpc
[56]. The tension with the SH0ES measurement, based on
Cepheid-calibrated SNe Ia, is reduced to 3.7σ, compared to
≃5σ under the w0waCDM model—representing a signifi-
cant alleviation, though not a complete resolution.
In summary, the bimetric model offers a modest improve-

ment, compared to ΛCDM, in the fit to DESI DR2 data
when combined with CMB and SNe Ia, whereas the
w0waCDM model yields a more significant enhancement
in fit quality. However, unlike thew0waCDMmodel—which
exacerbates the Hubble tension—the bimetric model simul-
taneously eases the tension, offering a more coherent picture
when considering both fit quality and consistency with local
measurements of H0.
To quantify the simultaneous improvement in the Hubble

tension and the fit to DESI DR2þ CMBþ SNe Ia,
we include the 42 locally Cepheid-calibrated SNe Ia from
the Pantheonþ sample. The results are presented in Table I
(lower part). For the Union3 and DES Y5 data samples,
we instead impose a Gaussian prior of H0 ¼ 73.0�
1.0 km=s=Mpc, as per the SH0ES-team measurement [27].

FIG. 3. Results for a general bimetric model. Marginalized
posterior constraints on θ and mFP from BAO (DESI DR2), CMB
(Planck 2019þ ACT), and three different SNe Ia compilations.
Contours show the 68% and 95% credence regions. While the
mixing angle θ is constrained, the mass scale mFP only exhibits a
lower bound mFP > 3.0 × 10−32 eV at 68% credence. For refer-
ence, H0 ∼ 10−33 eV.

2Recall that here ΩΛ denotes the asymptotic cosmological
constant value that ΩDE approaches in the future.

3The parameter B (β in Ref. [44]) has a lower bound imposed
by the requirement of a working screening mechanism.
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TABLE I. Results for the general bimetric model, with corresponding results for the w0waCDM model shown for comparison. The
upper part of the table lists results without locally calibrated SNe Ia, while the lower part includes local distance-ladder calibration:
“SH0ES” denotes the inclusion of the 42 locally calibrated SNe Ia from Pantheon+, and for the Union3 and DES Y5 combinations, we
instead impose a Gaussian prior, H0 ¼ 73.0� 1.0 km=s=Mpc, from the SH0ES-team calibration, denoted “H0.” Without local
calibrators the statistical preference for bimetric gravity over ΛCDM is modest, with a significance of roughly 1σ. In contrast, the
w0waCDMmodel yields a more substantial improvement, leading to a higher significance in the range 2.1–3.7σ, depending on the SN Ia
compilation. On the other hand, the w0waCDM model favors lower values of H0, thus exacerbating the Hubble tension, while the
bimetric model favors H0 ¼ 69.0� 0.4 km=s=Mpc, reducing the tension with the local calibration to 3.7σ. Including the local SN Ia
calibration, which directly accounts for the impact on the Hubble tension, results in a comparable statistical preference for the bimetric
and w0waCDM models, with a significance of ≃2σ for the bimetric model and 2–3σ for the w0waCDM model. Our results for the
w0waCDM model differ somewhat from Table VI of Ref. [5]. We attribute this difference to our usage of the Planck 2018þ ACT
compressed likelihood, whereas Ref. [5] uses the full power of the CMB information, including CMB lensing which increases the
significance somewhat. See the discussion in Section VII and Appendix A of Ref. [5]. Additionally, our application of the SNe Ia cutoff
z ¼ 0.023 (instead of z ¼ 0.01) shifts the models slightly closer to ΛCDM results.

Model Datasets θð°Þ H0 (km=s=Mpc) Δχ2MAP Significance

Bimetric Pantheon+ 6.1°þ1.7°
−2.1°

69.0� 0.4 −5.0 1.1σ

BAOþ CMBþ Union3 6.1°þ1.7°
−2.2°

69.0� 0.4 −4.9 1.0σ

DES Y5 5.6°þ1.7°
−2.3°

68.8� 0.4 −4.2 0.9σ

w0waCDM Pantheonþ � � � 68.0� 0.6 −6.4 2.1σ
BAOþ CMBþ Union3 � � � 66.2� 0.8 −14.8 3.4σ

DES Y5 � � � 67.1� 0.6 −16.5 3.7σ

Bimetric Pantheon+(SH0ES) 8.0°þ1.7°
−1.5° 69.7� 0.4 −11.9 2.4σ

BAOþ CMBþ Union3þH0 7.7°þ1.7°
−1.6° 69.5� 0.4 −10.4 2.1σ

DESY5þH0 7.3°þ1.5°
−1.6° 69.4� 0.4 −9.2 1.9σ

w0waCDM Pantheonþ ðSH0ESÞ � � � 69.2� 0.6 −10.1 2.7σ
BAOþ CMBþ Union3þH0 � � � 69.0� 0.7 −7.7 2.3σ

DESY5þH0 � � � 68.5� 0.5 −10.9 2.9σ

FIG. 4. Comparing data to models shown in residual form relative to a fiducialΛCDMmodel, following the style of Fig. 13 of Ref. [5].
The fiducial ΛCDM model is the CMB prediction for the distance ratios. The BAO (DESI DR2) data points are shown with error bars.
Here, DM denotes the angular diameter distance, DH the Hubble distance, and rd the sound horizon at the baryon drag epoch. The best-
fit w0waCDM and bimetric models are shown as dashed lines. The primary improvement in the quality of fit of the w0waCDM model
compared with the bimetric model arises from the low-redshift Hubble distance ratios at zeff ¼ 0.51 and zeff ¼ 0.71 (right panel).
Conversely since the Hubble distance is inversely proportional to the Hubble parameter,DHðzÞ ¼ c=HðzÞ, the bimetric model predicts a
higher value for H0 compared with the w0waCDM model, thus reducing the Hubble tension.
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As expected, this reduces the difference in model prefer-
ence between the bimetric and w0waCDMmodels, with the
bimetric model being favored over ΛCDM at the 2σ level,
while the w0waCDM model shows a preference at 2–3σ
level when the locally calibrated SNe Ia are factored in.
It is worth noting that the BAO distance measurements

used here rely on correlations between matter tracers within
thick redshift shells. Converting these redshifts into dis-
tances requires assuming a cosmological model, univer-
sally taken to be ΛCDM or a close variant [57–60]. This
inevitably introduces a model dependence that, strictly
speaking, is incompatible with the alternative expansion
histories explored in this work [61–67]. Such a dependence
could potentially bias the inferred Hubble constant toward
lower values, contributing to the Hubble tension. One way
to minimize this issue is to use 2D transverse BAO data
instead. By counting correlations within very thin redshift
shells, the need to assume a background cosmology is
greatly reduced, since cosmic evolution can be effectively
neglected over such narrow slices [61–67]. Indeed, several
recent studies have shown that replacing standard 3D
BAO data with 2D BAO measurements can lead to signifi-
cantly higher values of H0 for some cosmological models
[68–76]. This effect is also evident in bimetric gravity:
fitting 2D BAO data from SDSS jointly with Planck 2018
CMB data and Pantheonþ SNe Ia yieldsH0 ¼ 71.0� 0.9,

consistent with the local SH0ES calibration [76]. At
present, model-independent 2D BAO data from DESI are
not available; however, conducting such data would be of
significant interest, as it would allow a direct assessment of
how the assumptions underlying the DESI data reduction
might impact the inferred Hubble tension.
So far, we have considered the general bimetric model

with all five theory parameters. The minimal version of the
theory that still ensures a ghost-free cosmological evolution
and a functioning screening mechanism involves only three
free parameters: θ, mFP, and ΩΛ. This model therefore
exhibits the same number of parameters as the w0waCDM
model. In this minimal scenario, the dark energy density
ΩDE arises entirely from the interaction between the two
metrics, without requiring a cosmological constant in either
metric sector. Notably, for this model a small value of ΩDE
is technically natural in the sense of ’t Hooft, with its value
being protected against quantum corrections [77]. A
characteristic feature of this model is that its early-universe
cosmological constant approaches zero, as opposed to the
general model where it can be negative. As a result, the
minimal model always exhibits a positive phantom dark
energy component, with an equation of state satisfying
wDE ≤ −1 throughout cosmic history.
While the improvement in the fit to the combined BAO

(DESI DR2), CMB (Planck 2018þ ACT), and SNe Ia data
is slightly smaller for the minimal model compared with
the general model, the reduced number of theory param-
eters leads to a comparable overall preference of about 1σ
over ΛCDM. As in the general case, the minimal bimetric
model favors higher values of the Hubble constant than
the w0waCDM model, offering more favorable implica-
tions for the Hubble tension compared with w0waCDM.
Incorporating the locally calibrated SNe Ia results in a
preference for the minimal bimetric model over ΛCDM at
the 2σ level. Thus, also this highly constrained, technically
natural model with self-accelerating cosmologies exhibits
qualitatively similar behavior to the general bimetric
case—most notably, the characteristic transition in ΩDE
driving late-time acceleration and the preference for a
higher Hubble constant.

V. DISCUSSION

What constitutes convincing evidence for dynamical
dark energy? Here, we use the following criteria4:
(1) Empirical support: Is the dynamical dark energy

model significantly favored over ΛCDM by multiple
independent and well-established datasets (e.g.,
DESI DR2 and the local measurements of H0)?

(2) Theoretical foundation: Is the model grounded in
fundamental physics with a finite-dimensional,

FIG. 5. Redshift evolution of the dark energy equation of state
for the best-fit bimetric and w0waCDM models from the
combined BAO (DESI DR2), CMB (Planck 2018þ ACT),
and SNe Ia (DES Y5) data. For the w0waCDM model, wDE is
< −1 and approximately constant at early times, crosses the
phantom divide at z ≃ 0.4, and approaches −0.8 today. For the
bimetric model wDE, starts at −1 in the early universe, then rises
monotonically after recombination, with ΩDE increasing from a
negative value, crossing zero at z ≃ 5, where the equation of state
formally diverges, and remaining below −1 thereafter, steadily
approaching −1. The divergence in wDE simply reflects the
change of sign in the energy density and does not indicate a
physical pathology. This is a behavior that the CPL parametriza-
tion cannot capture.

4These are not meant to be definitive, but they do provide a
reasonable basis for our current discussion.
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physically motivated parameter space, rather than
being purely phenomenological?

(3) Broader testability: Does the underlying theory yield
additional testable predictions in other observational
domains that can distinguish it from standard physics?

For the purposes of this discussion, we take a positive
answer to all three questions as indicative evidence of dyna-
mical dark energy. The w0waCDM model is moderately
favored over ΛCDM, at the level of 2–4σ, when combining
DESI DR2, CMB, and SNe Ia data. However, it worsens
the Hubble tension and lacks additional observational
support, thus (currently) failing to meet our first criterion.
By contrast, the bimetric model shows only a modest
preference over ΛCDM at the 1σ level when tested against
the combined DESI DR2, CMB, and SNe Ia data. However,
it does help ease the Hubble tension, albeit not entirely.
Taken together, this yields an overall preference of ≃2σ
compared to ΛCDM. In short, neither model completely
satisfies the requirement of significant support from several
independent datasets.
A clear advantage of the bimetric model is its strong theo-

retical foundation, in contrast to the purely phenomenologi-
cal nature of the CPL parametrization. Bimetric gravity is
unique in the sense that it is the only ghost-free theory that
allows a massless and a massive gravitational field to interact
consistently. This highly constrained construction permits
at most four additional constant parameters, making the
theory empirically tractable, allowing these parameters to be
directly tested and constrained by observations. Thus, the
bimetric model clearly satisfies the second condition.
Closely related to the requirement of a solid theoretical

foundation is the third condition: broader testability beyond
standard cosmological observations. A purely phenomeno-
logical model such as w0waCDM does not lend itself to
independent observational probes—for example, it makes
no predictions about gravitational waves or gravitational
lensing—because it is agnostic about the underlying
physics. By contrast, if dynamical dark energy arises from
a fundamental theory, it opens the possibility of testing it
through complementary observational channels.
This is precisely the case for bimetric gravity which, for

example, predicts distinctive signatures in gravitational
waves, including echoes, modified or even inverted wave-
forms, and beating patterns [78–82]. While none of these
effects have yet been detected, their amplitude and quali-
tative features depend sensitively on both the mass scale
mFP and the mixing angle θ.5 This highlights the potential
of dedicated searches—using waveform templates adapted
to bimetric gravity—to uncover new physics, potentially
even in existing LIGO/Virgo data.

At the same time, the parameter constraints obtained
from BAO ðDESIDR2Þ þ CMBðPlanck 2028þ ACTÞ þ
SNe Ia remain fully consistent with complementary cos-
mological observations, as well as tests of gravity on
solar-system and galactic scales, thanks to the Vainshtein
screening mechanism [44,47,76,83–104].
To summarize, bimetric gravity presents a theoretically

well-founded and broadly testable model that remains fully
compatible with existing cosmological and astrophysical
constraints, but whose direct empirical support from current
data is moderate. It therefore emerges as a strong theoretical
candidate, waiting for either more decisive cosmological
signals or complementary observational confirmations to
establish compelling evidence.

VI. CONCLUSIONS

We have investigated to what extent the latest combi-
nation of DESI DR2 BAO measurements, CMB data
(Planck 2018þ ACT), and SNe Ia observations
(Pantheon+, Union3, and DES Y5) favor dynamical dark
energy and whether such a scenario can simultaneously
alleviate the long-standing Hubble tension. We have
followed two approaches: the widely used phenomeno-
logical CPL parametrization (w0waCDM) and bimetric
gravity, a fundamental modification of general relativity
that naturally leads to phantom dark energy.
Our results show that while the w0waCDM model is

moderately favored over ΛCDM at the 2–4σ level when
fitting DESI DR2þ CMBþ SNe Ia, it exacerbates the
Hubble tension, leading to even lower inferred values ofH0

compared to ΛCDM. By contrast, bimetric gravity yields
only a modest improvement in fit quality (around 1σ)
relative to ΛCDM, but crucially predicts a higher Hubble
constant, partially reducing the tension with local distance
ladder measurements. Incorporating local calibrator
data—either by adding Cepheid-calibrated SNe Ia directly
or imposing the SH0ES prior on H0—brings the overall
preference for the bimetric model over ΛCDM to the 2σ
level, comparable to that of the w0waCDM model once the
Hubble tension is factored in.
Bimetric gravity is firmly rooted in fundamental theory

with a tightly constrained parameter space, and it offers
broader testability through distinctive gravitational-wave
signatures that could be probed in current or future data. In
contrast, purely phenomenological models like w0waCDM,
while flexible in capturing features such as phantom
crossing, lack theoretical underpinning and therefore can-
not be independently tested outside of cosmological dis-
tance measurements.
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APPENDIX A: ACTION AND EQUATIONS
OF MOTION

In the following we use geometrized units in which the
speed of light and the gravitational constant are set to unity
meaning that mass, length, and time all have the same units.
The action of bimetric gravity reads [43],

S ¼
Z

d4x

�
1

2κg

ffiffiffiffiffiffiffiffiffiffiffiffiffi
− det g

p
Rg þ

1

2κf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− det f

p
Rf

−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
− det g

p X4
n¼0

βnenðSÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
− det g

p
Lm

�
: ðA1Þ

The indices g and f refer to the two metrics with κg and κf
being the gravitational constants, Rg and Rf the Ricci
scalars, βn are the constant theory parameters with dimen-
sions of curvature, enðSÞ are the elementary symmetric
polynomials of the square-root matrix Sμν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gμρfρν

p
[108,109], and Lm is the matter Lagrangian. Since gμν
couples to matter we identify it as the physical metric,
determining the space-time geometry of ordinary observ-
ers; fμν is only observable indirectly via its influence on the
physical metric.
Varying the action (A1) with respect to the two metrics

yields the equations of motion,

Gμ
g ν ¼ κg

�
Tμ

ν þ Vμ
g ν

�
; ðA2aÞ

Gμ
f ν ¼ κfV

μ
f ν ðA2bÞ

where Gμ
g ν and G

μ
f ν are the two Einstein tensors, Tμ

ν is the
matter stress energy and the bimetric stress energies Vμ

g ν

and Vμ
f ν result from the interaction between the two

metrics, and can be expressed as

Vμ
g ν ¼ −

X3
n¼0

βn
Xn
k¼0

ð−1ÞnþkekðSÞðSn−kÞμν; ðA3aÞ

Vμ
f ν ¼ −

X3
n¼0

β4−n
Xn
k¼0

ð−1ÞnþkekðS−1ÞðS−ðn−kÞÞμν: ðA3bÞ

Assuming the matter stress energy is conserved, we get

∇μTμ
ν ¼ 0 ðA4Þ

where ∇μ is the covariant derivative of the physical metric.
From the Bianchi identity the bimetric conservation law
then follows,

∇μVμ
ν ¼ 0: ðA5Þ

The action (A1) is invariant under the following constant
rescaling:

ðfμν; κf; βnÞ → ðωfμν;ωκf;ω−n=2βnÞ; ω ¼ const:

ðA6Þ

meaning that the theory parameters βn are not observables.
To circumvent this we introduce the dimensionless
rescaling-invariant parameters (remember that we are using
geometrized units)

Bn ≡ κgβncn=H2
0: ðA7Þ

Here, c is the conformal constant between the two metrics
as they approach the final de Sitter phase toward the infinite
cosmological future, fμνjt→∞ ¼ c2gμνjt→∞.
Instead of the Bn parameters, one can reparametrize,

tan2 θ ¼ B1 þ 3B2 þ 3B3 þ B4

B0 þ 3B1 þ 3B2 þ B3

; ðA8aÞ

m2
FP ¼ ðB1 þ 2B2 þ B3Þ= sin2 θ; ðA8bÞ

ΩΛ ¼ B0

3
þ B1 þ B2 þ

B3

3
; ðA8cÞ

α ¼ −
B2 þ B3

B1 þ 2B2 þ B3

; ðA8dÞ

β ¼ B3

B1 þ 2B2 þ B3

: ðA8eÞ

The advantage of ðθ; mFP;ΩΛ; α; βÞ, apart from being
invariant under the rescaling (A6), is that they have
immediate physical interpretations, as described in the
main text.
To get the bimetric Friedmann equation from the

equations of motion, we start by assuming homogeneity
and isotropy of the two metrics so that the line elements
read, in the comoving coordinates of the physical metric,
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ds2g ¼ −dt2 þ a2gðtÞdx2; ðA9aÞ

ds2f ¼ −c2x2ðtÞdt2 þ c2a2fðtÞdx2 ðA9bÞ

with agðtÞ and afðtÞ being the scale factors and xðtÞ the
lapse of fμν, and dx2 ≡ dx2 þ dy2 þ dz2. (Spatial curva-
ture can be straightforwardly included, but here we have set
it to zero for simplicity.) With this ansatz the bimetric
conservation law (A5) reads

ðx − af=agÞ½1þ 2αð1 − yÞ þ βð1 − yÞ2� ¼ 0 ðA10Þ

where an overdot denotes derivative with respect to time, t,
and y≡ af=ag. Setting the factor within the square brackets
to zero leads to an unhealthy solution [85,110,111].

Therefore, the expression within the first parenthesis is
set to zero. Doing so we obtain the bimetric Friedmann
equation
�
HðzÞ
H0

�
2

¼ Ωm;0ð1þ zÞ3 þΩr;0ð1þ zÞ4 þ ΩDEðyÞ

ðA11Þ

where

ΩDE ≡ΩΛ − sin2θm2
FPð1 − yÞ

�
1þ αð1 − yÞ þ β

3
ð1 − yÞ2

�

ðA12Þ
and y is the solution to the following quartic polynomial,

−
1

3
cos2θm2

FPð1þ 2αþ βÞ þ
�
ΩtotðzÞ þ ΩΛ þm2

FP

�
cos2θðαþ βÞ − sin2θ

�
1þ αþ β

3

���
y

þm2
FP½−cos2θβ þ sin2θð1þ 2αþ βÞ�y2 −

�
ΩΛ þ 1

3
m2

FP

�
cos2θð−1þ α − βÞ þ 3sin2θðαþ βÞ�

�
y3

þ 1

3
sin2θm2

FPβy
4 ¼ 0: ðA13Þ

Here, ΩtotðzÞ ¼ ΩmðzÞ þ ΩrðzÞ denotes the total matter
density (i.e., pressureless dust plus radiation).

APPENDIX B: NUMERICAL IMPLEMENTATION
AND LIKELIHOOD ANALYSIS

1. Solving the Friedmann equation

The evolution of the dark energy density ΩDE depends
on the ratio of the scale factors of the two metrics, denoted
yðzÞ, so that we can write the modified Friedmann
equation,

E2ðzÞ ¼ Ωm;0ð1þ zÞ3 þ Ωr;0ð1þ zÞ4 þΩDEðyðzÞÞ; ðB1Þ

where we have defined EðzÞ ¼ HðzÞ=H0 and ΩDEðyÞ
is a cubic polynomial in y, see Ref. [44] for a detailed
expression. For each redshift, yðzÞ is found by solving a
quartic polynomial equation numerically using Brent’s
method, implemented via scipy.optimize.brentq.
This gives a robust root-finding approach over the physi-
cally meaningful interval y∈ ½0; 1�. In particular, evaluating
Eq. (B1) at z ¼ 0 yields a relation that can be used to solve
for Ωm;0 in terms of the model parameters.

2. Integrating for distances

Given the solution for EðzÞ, we compute cosmological
distances by numerically integrating

IðzÞ ¼
Z

z

0

dz0

Eðz0Þ ðB2Þ

using a cumulative trapezoidal integration (scipy.in-
tegrate.cumulative_trapezoid) over a logarith-
mically spaced grid in redshift. The integral is then
interpolated with a linear spline (scipy.interpola-
te.interp1d) for fast evaluations of luminosity, angular
diameter, and Hubble distances.

3. Likelihood

For the BAO and CMB data points, the log-likelihood is
calculated using the relation

lnL ¼ −0.5ðχ2 þ ln detCþ N ln 2πÞ ðB3Þ

withC being the covariance matrix andN being the number
of data points. The χ2 value is obtained from

χ2 ¼ ΔTC−1Δ ðB4Þ

with Δ being the residual Δ ¼ ydata − ymodelðΘÞ, with ydata
the data vector and ymodelðΘÞ the model prediction, and Θ
denotes the set of model parameters.
We adopt the following set of model parameters:

Θ ¼ ðH0;ωb; θ; M̂FP;ωΛ; α̂; β̂Þ; ðB5Þ
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where ωΛ ¼ ΩΛh2, α̂ ¼ log10ðαþ ffiffiffi
β

p Þ, and β̂ ¼ log10 β,
with h ¼ H0=ð100 km=s=MpcÞ. The parameters α and β
are discussed in detail in Ref. [44]. A logarithmic scale is
applied to some of the parameters to promote efficient
exploration of the parameter space over several orders of
magnitude.
The mass scale M̂FP is defined via

M̂FP ¼ log10ðmFPh70Þ; ðB6Þ

where mFP is the Fierz-Pauli mass in units of H0, and
h70 ¼ H0=ð70 km=s=MpcÞ. Equivalently, this can be
expressed in physical units as

M̂FP ¼ log10

�
mFP

1.49 × 10−33 eV

�
: ðB7Þ

The total log-likelihood is obtained by summation of the
individual datasets, lnLtot ¼ lnLBAO þ lnLCMB þ lnLSN
and we ensure a ghost-free cosmology and a functioning
Vainshtein screening mechanism by checking the
corresponding constraints, listed in Ref. [44], setting
lnLtot ¼ −∞ whenever the conditions are violated.

The SNe Ia data vector is the collection of calibrated6

B-band magnitudes, mB, for each supernova. The theoreti-
cal model prediction is given by

mBðzÞ ¼ 5 log10DLðzÞ þ 25þMB ðB8Þ
where DL is the luminosity distance in units of Mpc and
MB is the fiducial absolute magnitude. Here, we margin-
alize over MB, except when including the local calibrator
supernovae from the Pantheonþ sample [112].

4. Sampling the posterior

We sample the posterior with the affine-invariant ensem-
ble sampler implemented in EMCEE. For high performance
computing runs, the code uses SCHWIMMBAD to parallelize
via MPI. To ensure convergence, we require that the total
chain length exceeds 100 times the estimated autocorrela-
tion time, τ, and perform a visual inspection of the chains as
an additional check. The initial 2τ samples are discarded as
burn-in and excluded from the analysis. We use twice as
many walkers as there are model parameters.
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