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Cosmology at a Crossroads

@ Success: ACDM explains CMB, BAO, SNe with remarkable
precision.

@ Tensions: cracks emerging across independent datasets:

o Hy tension: early-universe Hy ~ 67 vs
late-universe Hy ~ 73 km/s/Mpc,
discrepancy ~5-60

o Sg tension: CMB vs weak lensing
~ 2-30

o Curvature hints: Planck data
sometimes favor Qi < 0 at 230, but
BAO+SNe restore flatness

o Lensing anomalies: CMB lensing
amplitude slightly higher than ACDM
expectations

@ The Challenge: cracks in the model, or hidden systematics?

osts in Cosmology

nec:?

Gravity - Dark Matter Dark Energy

e Sector: ~95% of the Universe remains
unseen—dark matter, dark energy, and puzzling anomalies.

Invi

Frontier: Systematics or new physics—early dark energy,
interacting DM/DE, modified gravity, extra neutrinos.

Theme: Cosmological tensions as opportunities to uncover
deeper laws of nature.
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Challenges to the Cosmological Paradigm. . .

Some serious problems (or tensions) with the dark sector:

» Natures unknown: no direct prediction, nor detection so far
« Cosmological Constant Problem !(vacuum catastrophe): measured energy density of the
vacuum over 120 orders of magnitude less than the theoretical prediction
« Worst prediction in the history of physics (and of science in general)
« Casts doubt on dark energy being a cosmological constant
+ Cosmic Coincidence Problem 2: dark matter and dark energy densities have the same order of
magnitude at the present moment of cosmic history, while differing with many orders of
magnitude in the past and the predicted future
« The initial conditions of dark matter and dark energy should be fine-tuned to about 95 orders of
magnitude to produce a universe where the two densities nearly coincide today, approximately 14
billion years later®

¢ Way too many models of dark energy and dark matter!

1Weinberg, S. Rev. Mod. Phys, 61 (1), 1 (1989)
2Velten, H. E. et al., Eur. Phys. J. C, 74 (11), 1 (2014)
3Z|atev, I., Wang, L., & Steinhardt, P. J. , Physi. Rev. Lett., 82(5), 896 (1999).



Cosmological Tensions




Cosmological Tensions

Latest tensions vis-a-vis precise theoretical predictions and observational measurements:

» Hyp CMB vs local measurements, ~ 50 discrepancy
« Planck, ACDM model
Hy ~ 67 km/s/Mpc
« Estimate using SNla, Cepheid measurements
Ho = 73 km/s/Mpc
« Late Universe probes tend to give a higher value for Hy compared to early Universe probes within the
ACDM framework.
« This tension persists across independent datasets, suggesting it's not just a statistical fluke.

© Sg vs cosmic shear data, more than 3o discrepancy between Planck data and local

Sg = O’g\/Qm/O.3

og measures the amplitude of the linear power spectrum on the 8h~1Mpc scale
+ og measures amplitude of the matter fluctuations on a 8h~Mpc scales
*» RMS fluctuation of matter density field in spheres of gh—1L Mpc
« Measurements of Sg from late Universe probes like weak lensing and galaxy surveys tend to be lower
than those inferred from early Universe (CMB) data within ACDM.

© Qg, zero or not zero? ACDM assumes flat universe, but Planck temperature and polarisation

measurements of

power spectra give an above 3o deviation:

o +0.018
Qx ~ —0.044_04015

« Other challenges and anomalies exist, such anisotropic anomalies in the CMB, and hints of
dynamical dark energy



Possible Explanations for Tensions

Three possibilities 4
® Systematic errors

® New physics beyond ACDM

®  Modified gravity, dark energy models, interactions

The CosmoVerse White Paper: Addressing observational tensions in cosmology with
systematics and fundamental physi

The CosmoVerse Netswork
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#The CosmoVerse White Paper (arXiv: 2504.01669) by the CosmoVerse Network: E Di Valentino et al, Physics of the Dark
Universe 49, 101965 (2025)



Proposed Solutions - Early Universe (before recombination) Modifications

« Early Dark Energy (EDE): This scenario proposes an additional, short-lived component of
dark energy in the early Universe
« EDE can reduce the size of the sound horizon at recombination, allowing for a higher inferred Hy from
CMB data, potentially bridging the Hubble tension
« However, EDE models face challenges with fitting other cosmological data, such as the amplitude of
matter fluctuations Sg
« Extra Relativistic Species (ERS): Introducing additional relativistic particles in the early
Universe, parameterized by an increase in the effective number of neutrinos (Nes), can also
affect the expansion rate and sound horizon, potentially increasing the inferred Hy
« These ERS could be sterile neutrinos or other forms of dark radiation
» Current cosmological data place constraints on the allowed amount of extra relativistic species,
limiting their ability to fully resolve the Hubble tension

Proposed Solutions - Late Universe (after recombination) Modifications

« Interacting Dark Energy (IDE): non-gravitational interactions b/n dark matter and dark
energy
« Such interactions can modify the late-time expansion history and the growth of structure, potentially
alleviating both the Hp and Sg tensions.
« Some IDE models can even feature phantom dark energy behaviour, which is known to potentially
mitigate the Hy tension
« Modified Gravity (MG): Instead of introducing new components, MG theories alter the laws
of gravity on cosmological scales
« These modifications can affect both the expansion history and structure formation, offering potential
ways to resolve the tensions
¢« MG can be applied at both early and late times



Other Potential Avenues

« Matter Sector Solutions: Investigating alternative properties of dark matter, such as
interacting or decaying dark matter, or warm dark matter

» Local Physics Solutions: Considering the possibility that the Hubble tension arises from new

physics operating specifically in our local cosmic neighbourhood, affecting distance
measurements (e.g., modifications to the gravitational constant or interstellar medium)

' Revisiting Fundamental Assumptions: Questioning fundamental assumptions like the
cosmological principle (homogeneity and isotropy of the Universe on large scales), e.g.,
existence of a large local void

¢ Quantum Gravity Phenomenology: Exploring potential effects from quantum gravity that
might manifest on cosmological scales

* Varying Fundamental Constants: Investigating if fundamental constants might have varied
over cosmic time, affecting cosmological observations



and fields

Fundamental

Physics Solutions

Late-time
solutions

Summary of fundamental physics solutions proposed to solve the cosmological tensions [Credit: The CosmoVerse
White Paper (arXiv: 2504.01669) by the CosmoVerse Network]
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The geometrical “trinity” of gravity

« Three different geometrical representations of spacetime curvature possible

The rotation of a vector transported along a closed
curve is given by the curvature: General Relativity.

Y 5p 0

The non-closure of parallelograms formed when two The variation of the length of a vector as it is
vectors are transported along each other is given by the  transported is given by the non-metricity:
torsion: Teleparallel Equivalent of General Relativity. Symmetric Teleparallel Equivalent of General Relativity.

The geometrical meaning of curvature, torsion and non-metricity. [Credit: Jimenez et al, arXiv 1903.06830]




The geometrical “trinity” of gravity...

« Three possible gravitational interpretations

Three alternative gravitational descriptions. [Credit: Jimenez et al, arXiv 1903.06830]




Modifying Gravity. . .

Extanded Mol ./ \ @

— T [ T P—
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Roadmap to messing with gravity [Credit: The CosmoVerse White Paper (arXiv: 2504.01669) by the CosmoVerse
Network] 1
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General Motivation and Aim

© The ACDM model explains many cosmological observations, but persistent tensions (Hp, Ss)
and the unknown dark sector motivate exploration of modified gravity.

« Among these, f(Q) gravity generalizes the symmetric teleparallel equivalent of GR,

characterized by the non-metricity scalar @, with potential to reproduce cosmic acceleration,
providing an alternative to curvature- and torsion-based frameworks.

Viscosity in the cosmic fluid has also been proposed to explain late-time acceleration and
affect clustering.
» Combining both?: testing three paradigmatic f(Q) models (power-law, exponential,

logarithmic) with and without viscous fluids against multiple cosmological datasets (CC, BAO,
Pantheon+SHOES, f, fog).

Aims

Goal 1: Test f(Q) gravity with joint expansion + growth data (OHD, Pantheon+ SNe, RSD fosg,
VIPERS/SDSS f and o5)

Goal 2: Assess whether bulk viscosity improves or worsens the observational viability of f(Q)
models compared to ACDM




Akaike (AIC) and Bayesian (BIC) information criteria used to compare f(Q) gravity with ACDM.

+ Definitions:

« AIC=x?+2K,BIC=x2>+KInN

« K: number of parameters, N: number of data points
» Interpretation of AAIC:

« AAIC < 2 = substantial support
« 4 < AAIC < 7 = less support
« AAIC > 10 = no support

« Interpretation of ABIC:

+« 0 < ABIC < 2 = negligible evidence

» 2 < ABIC < 6 = positive evidence

« 6 < ABIC < 10 = strong evidence

« ABIC > 10 = extremely strong evidence



Some Studies on (@) Gravity: Structure Growth in Ccosmology °

» Investigated expansion history and growth of large-scale structures in the power-law i.e.,
f(Q)=Q+aQ"

» Employed MCMC simulations and Bayesian selection criteria to determine statistical
significance: using Hubble data (OHD) and the Pantheon+ SNe sample to constrain
parameters 2, Hp, and the exponent n.

» Competitive viability against the ACDM model when considering both background expansion
history and the growth of large-scale structures

» While statistical analyses provide varying levels of support depending on the specific datasets

and criteria used (AIC vs. BIC), the model is not ruled out by the current data

Highlight: Background Expansion

o Consistent with ACDM at background level, with Hy ~ 72.9t21'427 km/s/Mpc, Qm ~ 0.30.
Preferred n values are small, slightly negative, indicating only mild deviations from GR.

o f(Q) fits late-time Hp values better than early-time (Planck) estimates, showing observational

competitiveness at the background level.

5Sahly, S.; de la Cruz-Dombriz, A.; AA, Mon. Not. R. Astron. Soc., 530, 3973-3988 (2025).



Constraints on f(Q) vs ACDM

Dataset Parameters ACDM f(Q) gravity
OHD n - 0.01079.3%8
Qm 0.28719.9% 0.20710.040
Ho 60.7211 %2 69.261320

SNIla n = —0.0807 0320
D 0.3367 9,98 033210,
Ho 73.4271% 73.267100

OHD+SNla n - —0.085" 3T
Qm 0.32370.%89 0.30419,%0
Ho 72.561 0.0 72.851222

Best-fit cosmological parameters at 1o.

Data L X Xed AIC AAIC BIC ABIC
ACDM

OHD 1487 2974 074 3374 - 37.26 -
SNla -761.56 152312 090  1527.12 - 1536.99 -
OHD+SNla  -781.82  1563.64 090  1567.64 - 1578.57 -
f(Q) model

OHD 1460 2920 078  35.20 1.46 40.48 321
SNla -761.93  1522.86  0.86  1528.86 174 154420  7.20
OHD+SNla  -781.03  1562.06  0.95  1560.06 142 158445  5.88

Model selection (AIC, BIC) for ACDM vs f(Q).



Perturbations and Growth

The full system of perturbation equations was derived for the study of structure growth beyond the
background, numerical solutions were compared with the commonly used quasi-static
approximation, which simplifies the equations at sub-horizon scales:

211 H' H' 2n—2 / 3Qm 3
(1+2)Dj, =(1+ =) 17(1+Z)ﬁ+ﬁ(lfﬂm)nE Dy, + E(1+2) D

Normalised (at zj, ~ 1089) density contrast, and growth rate:

8(z) = DD:((;))
_dindm 8 (2)
= dlna _(1+Z)6m(z)

Highlight

Quasi-static approximation closely matches full solutions (94-99% accuracy) for best-fit n values,

making it a reliable tool for f(Q) growth studies.

The analysis incorporated fog data (30 points), as well as direct f and og measurements from
VIPERS and SDSS, together with OHD and SNla.



Structure Growth Fits

Joint fits yielded Qp, ~ 0.327, 05 ~ 0.826, and n ~ —0.025, showing that small deviations from GR
remain allowed. f(Q) tends to predict higher Hp values, closer to local measurements, while og
remains consistent with high-redshift probes.

Highlight

f(Q) models reproduce both expansion and growth data, remaining competitive with ACDM across
multiple datasets.

— ACDM
1= = 0.004
n=-0.025
n=-0.035

15
In(1 42}

15
In(1+2)




Some Studies on f(Q) Gravity: Viscous-fluid Models °

» Insights into the viability of f( Q) gravity models with and without bulk viscosity, with fluid

description
Tuv = (p+ B)upty + Pguv

such that p = pm + C(p)H, with ¢(p) = (p® as most common parametrisation:

pm +3H (pm — Cpm) =0
Pde + 3H (pde + pde) = 0

+ Considered power-law, exponential, and logarithmic f(Q) models:

o Q
fii=Q+aQ, f2::o+,300<1e PVQo), f3:=Q+e|n(l—C%)

6Sahlu, S.; Hough, R.;AA, de la Cruz-Dombriz A, Eur. Phys. J. C, 85 746 (2025)
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Viscous scenarios
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Methodology and Datasets

« Modified Friedmann equations in f(Q) with effective pressure p — p — 3CH.
» Growth equations with quasi-static approximation checked for scalar perturbations

Models tested:

¢ A(Q) = Q+ aQ" (power-law)
s H(Q) = Q + BQ(1 — e PV /) (exponential)
¢ (Q) = Q+ €eln(FQ/Qo) (logarithmic)

Highlight
Joint MCMC analysis performed: cosmic chronometers (CC), BAO from DESI, Pantheon+SHOES
SNe sample, growth datasets f (VIPERS, SDSS) and fog (66 points):

Qm, Ho, 0g, n, p, T, and ¢

Best-fit cosmological parameters were obtained for all models with and without bulk viscosity:

« For fi, bulk viscosity raises Q, and slightly lowers Sg, closer to DES weak-lensing results

» For f,, viscosity leads to higher Q. but significantly lower Sg, hinting at possible relevance to
the Sg tension

» For f3, bulk viscosity increases parameter spread; 2, ranges from 0.19 to 0.39 across datasets

Highlight

Viscosity shifts Q, upward and og downward, but the effects are model-dependent and

dataset-sensitive



Growth and Perturbations

Perturbation equations:

d?6m 1 dE dém
= 1+ 1 —/ 4+ 21 1-3¢s,,
dz? (1+z Edz( +123)) dz +2E2( +2)

rewrite, with f(z) ~ (z) ,

dE - Qnm
1 fl = f? [2— 1 — }f 1 =86
(1+2) s (et 2EQ( +F 2)

Using best-fit parameters, growth rate f(z) and RSD fog(z) were computed:

« Without viscosity, f(Q) models track ACDM closely at high redshift, with mild deviations at
z < 0.5.
» With viscosity, clustering is damped, predicting less structure growth.

« fog predictions align well with observational data across all f(Q) models, even in viscous cases

Highlight

Bulk viscosity consistently damps growth, reducing clustering amplitude, but does not improve

statistical fits

22



Statistical Viability and Conclusions

AIC and BIC were used to compare models with ACDM:

« Non-viscous fi achieves moderate support across datasets (no outright rejection).
« Exponential (f2) and logarithmic (f3) models perform worse, with several outright rejections.

« Adding bulk viscosity increases AAIC, ABIC values, penalizing all models.

LELGEWE

o While the exponential f(Q) model without viscosity showed promise as an alternative to
ACDM based on background expansion data, the inclusion of bulk viscosity generally did not
improve the models’ performance statistically

o Interestingly, all f(Q) models predicted a faster structure growth rate than ACDM

o Among all cases, only non-viscous f; remains a statistically viable alternative to ACDM,;
viscosity is not favored

23



Non-viscous scenarios
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Viscous scenarios
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21282
1460.624
35.94
11572
39970
46.982
1470.0561
1496710

23.004
24.652
1463.116
39.108
13.669
41.887
48714
1471377
1498.783

22576
26.138
1464.452
40.498
13.421
43.103
48,874
1473301
1500.130

23.062
24.801
1464345
39.126
13.63
2421
50.047
1482.871
1502.293

1529.421

28.740
27.077
1490.180
47.914
16225

1491516
49.304
15.977
54.052
60.784
1505.828
1538.293

28.798

14BIC|

3752
3010
7391
4257
2.047
4179
4633
7926
7237
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Summary & Outlook

“ Not only is the universe stranger than we think, it is stranger than we can think.”

— Werner Heisenberg

# The existence and nature of dark matter and dark energy are key unsolved mysteries, and
significant tensions in cosmology, such as the Hubble constant (Hp) and Sg discrepancies,
remain unresolved

» At the background level, f(Q) models fit Hy and @, well. Perturbation analysis shows
quasi-static approximation is accurate enough for practical growth studies. Joint constraints
indicate that f(Q) is not ruled out and can mimic ACDM, while offering slight improvements
in matching local Hp values.

LELCEWE

o f(Q) gravity is observationally viable and remains a competitive alternative to ACDM, pending
future high-precision growth data.

o Among all cases considered here, only non-viscous f; remains a statistically viable alternative
to ACDM; viscosity is not favored

Outlook

o Modified gravity and phenomenological models offer promising paths beyond the ACDM
impasse

o More work ahead: deeper theoretical insights and observational data constraints
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