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Evolution of Density Parameters with Scale Factor
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these parameters are called jerk, snap, lerk and maxout,
respectively. It is worth noting that these parameters are not

H=-H*(+gq),
H=Hj+3¢+2),
H=H's —4j —3q(q +4) - 6],
H = H’[l — 55 +10(q +2)j + 30(q + 2)q + 24],
H® = H%m — 10> - 120j(q + 1)
—3[21 4+ 5(24q + 18¢% +2¢° — 25 — gs + 8)]}.
(37)
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Fig. 9 Upper panel the .-'r'i
as a function of the redshift.
Middle panel deceleration probe
diagnostic. Lower panel ferk,
snap, lerk and maxout
parameters for the bulk viscous
model with respect to ACDM
model. Solid lines represents
corresponding quantity for
ACDM. Other lines are
associated with different values
for viscosity. The rest of free
parameters have been fixed
according to JLA observation at
la confidence level
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4.6 Om diagnostic

The Om diagnostic method is indeed a geometrical diagnos-
tic which combines Hubble parameter and redshift. It can
differentiate dark energy model from ACDM. Sahni and his
collaborators demonstrated that, irrespective to matter den-
sity content of Universe, acceleration probe can discriminate
various dark energy models [67]. Om(z) diagnostic for our
spatially flat Universe reads

H*(z;{Op)) — 1

Om(z; {Op}) = A+ -1

(38)

where 77 = % and H is given by Eq. (14). For ACDM
model Om(z) = £2° while for other dark energy models,
Om(z) depends on redshift [68]. Phantom like dark energy
corresponds to the positive slope of Om(z) whereas the nega-

tive slope means dark energy behaves like quintessence [70].
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Fig. 10 Om(z) diagnostic: solid lines represents Om(z) for the cos-
mological constant. Dashed and dot-dashed lines represents Om(z) for
ACDM with w = —0.90 and w = —1.20, respectively. Thick solid
line with corresponding lo confidence interval determined by JLA
observation represents Om(z) for the viscous dark energy model for
y = 0.14. A long-dashed line corresponds to y = 0.60 demonstrating
that dynamical dark energy model has almost quintessence behavior
during the evolution of the Universe
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@ 4.7 Sandage—Loeb test

Another interesting measure 1s Sandage—Loeb test [72]. This
criterion assesses the redshift drift of the Lyman-« spectra
forest observed for distant quasars in the range of 2 <z <5
[73-75]. This quantity is defined by

%”(z))
1+z )

cAz
1+z2

Av = = cHyAx (1 = (39)
where c is the speed of light. Expansion history of our cosmos
can be examined by Sandage—Loeb test corresponding to its
direct geometric measurement. At is observation time inter-
val in Eq. (39). Figure 11 indicates dimensionless quantity,
Av/cHyAty, versus redshift. Higher value of the viscosity

leads to more deviation from ACDM model.

0 1 2 3 4 5 6
redshift (z)
Fig. 11 The dimensionless redshift drift for various values of the vis-
cosity of the viscous dark energy model. At the early time, the value of

this parameter is more than the standard model due to contribution of
the viscosity. In this plot we assume that ¢ = 1

@ FD{S"‘aMe— Ju.a!tl'a.
,—\DL: (HZ)J J'Z

H¢z)y B

&z

He2)

t\

(rz)



arXiv:2504.10464v1 [astro-ph.CO] 14 Apr 2025

¢ GR+A

Implications of distance duality violation for the H; tension and evolving dark energy
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! Laboratoire Univers & Particules de Montpellier,
CNRS & Université de Montpellier (UMR-5299), 34095 Montpellier, France
2School of Mathematics and Statistics, University of Sheffield,
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We investigate whether a violation of the distance duality relation (DDR), Dy (z) = (1 +:)"’D“(:)v
connecting the angular diameter and luminosity distances, can explain the Hubble tension and
alter the evidence for dynamical dark energy in recent cosmological observations. We constrain
five phenomenological parameterisations of DDR violation using Baryon Acoustic Oscillation mea-
surements from the DESI survey ealibrated with the sound horizon derived from Planck Cosmic
Microwave Background data and the Pantheon+ Type Ia supernova (SNIa) catalogue calibrated
with the supernova absolute magnitude from SHyES. We find that two toy models ean resolve the
tension: a constant offset in the DDR (equivalent to a shift in the calibration of the SNIa data),
Di(z)/Da(z) = 0.925(1+ 2)*, which leaves the hint for evolving dark energy unaffected; or a change

in the power-law redshift-dependence of the DDR, restricted to z < 1, Dp(z)/Da(z) =~ (1 + z)

1.866

together with a constant phantom dark energy equation of state w ~ —1.155. The Bayesian evi-
dence slightly favours the latter model. Our phenomenological approach motivates the investigation
of physical models of DDR violation as a novel way to explain the Hubble tension.

I INTRODUCTION

The canonical A-cold-dark-matter (ACDM) model, in
which dark energy is described by a cosmological con-
stant A and dark matter behaves as a dust-like com-
ponent, has been remarkably successful in explaining a
wide range of high-precision cosmological observations,
including (but not limited to) the cosmic microwave back-
ground (CMB) radiation [I-1], baryon acoustic oscilla-
tions (BAO) [3, 6], and the apparent magnitude of type
Ia supernovae (SNla) [7].

However, over the past decade,
emerged which raise questions about the validity of the
ACDM model. There are indications that additional
physical ingredients may be needed to restore concor-
dance between datasets [¥]. The most significant chal-
lenge to ACDM is the ‘Hubble tension’, a ~ 5o discrep-
ancy between the direct measurement of the Hubble pa-
rameter Hy — which measures the expansion of the Uni-
verse today - using Cepheid-calibrated SNla from the
Supernovae Hj for the Equation of State (SHyES) pro-
gramme [J] and the ACDM prediction calibrated with
CMB data measured by the Planck satellite [1]. System-
atic errors in Hy estimates are actively being searched
for, e.g. [9-22], and solutions to the tension which pro-
pose new phy have also been suggested [3, 23-25].

This tension can be traced to a mismatch in the cali-
bration of the cosmological distance indicators: the SNla
and the BAO observed in various tracers of the density
field. When both the SHyES absolute magnitude cali-
bration and the Planck ACDM sound horizon calibration
are applied, a substantial discrepancy arises between the
SNIa and BAO data [26-30]. Under the ACDM model,

anomalies have

I1.

THE DDR, DISTANCE MEASUREMENTS

this tension results in values for H; derived from the two
datasets that are incompatible at 5. This incompatibil-
ity is also reflected in other parameters, in particular the
physical matter density Q.47 (where Q,, is the fractional
density of baryons and cold dark matter in the Universe
and h = Hy/(100kms™" Mpe™')) [30-33), and is known
as the ‘cosmic calibration tension’. Moreover, even in
the absence of the SHyES calibration, hints of deviations
from ACDM have appeared when combining BAQ and
SNIa data, with a preference for dynamical dark energy
at the 3 — 4o level depending on the exact datasets used
[ 2] J-T].

From a more fundamental perspective, these tensions
can be seen as a tension between two sets of cosmic dis-
tance measurements. Cosmological observations infer ei-
ther the angular diameter distance, D z(z), from the ap-
parent angular size of an object of known physical size, or
the luminosity distance, Dy (z), from the flux of a source
of known intrinsic brightness. The cosmic calibration
tension arises when comparing luminosity and angular
diameter distances. However, this comparison is made
with the (often implicit) assumption that the distance-
duality relation (DDR) (3%, 39], Dy(2) = (1+ 2D4(2),
holds in our Universe, allowing for direct conversion be-
tween D4(z) and Dp(z).

The DDR holds in any cosmological model that sat-
isfies the following conditions: i) spacetime is described
by a psendo-Riemannian manifold, ii) photons propagate
along (unique) null geodesics, and iii) their number is
conserved over time. DDR violations can range from the
prosaic, such as photon scattering off dust or free elec-
trons, to the exotic [10, 11]. They can emerge in modified
theories of gravity where spacetime is not described by a
pseudo-Riemannian manifold [42, 43], such as in torsion-
hacoard thearies where the connection ic not norely Levi-
nergy
ons in-

AND COSMOLOGY

The DDR states that [38, 39]

Dy(z) = (1+2)*Da(z),

(1)

where Dy (z) is the luminosity distance and D 4(z) is the

angular diameter distance.

Our analysis assumes that

the cosmological principle holds — i.e., that the Uni-
verse is homogeneous and isotropic on sufficiently large
scales. Consequently, we do not consider any directional
dependence of the DDR but instead focus on its pos-

sible redshift dependence.?

Under these assumptions,

measurements of luminosity and angular diameter dis-
tances at different redshifts can be used to test the DDR.
These tests can be performed either by considering spe-
cific physical models that predict DDR violations (hence
constraining the models using data) or in an empirical
model-agnostic way by rewriting the DDR as

Dp(2)

"?(Z) = (1+Z)2DA(Z) )

where deviations from 7(z) =

the DDR.

(2)

1 indicate a violation of
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FIG. 1. Constraints on the parameters wow, from DESI
BAO DR2, CMB, and Union3 are illustrated in blue, while
the corresponding combination with DESI BAO DR1 is shown
in orange. The green line indicates the degeneracy direction
associated with calibrated thawing (see Section VIA), while
the purple line denotes the “mirage” direction (discussed in
Section VIC) which closely follows the degeneracy direction
of the wow, contours.



