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" The history of Astronomy, Cosmology
and Gravity is a history of tensions
between theoretical predictions and
observations

" Astrophysical cosmology has become a
precision science with an incredibly huge
amount of data

" New Tensions appear.
Are we approaching New Physics?

2
E.N.Saridakis - Dragovich-80, May 2025



Aristotle - 350 BC

= According to Aristotle heavier bodies fall faster.
= Bodies fall in order to com back to thei “initial state”.

Schema huius pramiffe divifionis Sphazrarum.
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China, India, Persia, Arabic Observatior

= (Observations in China, India, Persia,
e.g. in Maragha in 11th century,
started putting into doubt Earth’s Ancient Indian Scientists A
non-motion, however not
geocentrism.

And their discoveries 3568
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Brahe, Kepler- 1600

" Heliocentrism, elliptical Orbits
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Galileo - 1600

= Bodies fall with the same speed, independently from their weight.
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Newton - 1700

= Law of Universal Gravitation:
All bodies (either apples or planets) attract mutually.
First time that gravity is related to astronomy
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Mercury periliheimum - 1859

* The true orbits of planets, even if seen from the SUN
are not ellipses. They are rather curves of this type:

This angle is the
perihelion advance,
predicted by G.R.




Michelson—Morley experiment - 1887

Michelson-Morley Experiment
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General Relativity

energy-momentum source of spacetime

Curvature
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Modified Gravity before General
Relativity

" Modifications to Newton's Law
" |nverse Cube Law.

" Extended Inverse-Square Law (Simon Newcomb -
1880’s)

" Lord Kelvin - theory of everything (end of 19th
century)

®" Hendrik Lorentz: gravity on the basis of his ether
theory and Maxwell's equations. (1900)

" Nordstrom's theory of gravitation (1912 and 1913)
" Einstein's scalar theory of gravity (1913)

11

E.N.Saridakis - Dragovich-80, May 2025



Summary of 20th century Observations

The Universe history:

Dark Energy
Accelerated Expansion
Afterglow Light N
Pattern Dark Ages Development of
400,000 yrs. i,." Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Standard Model of Cosmology

ACDM Paradigm + Inflation

k 87TG

lpmltptep (5 sz

4 pg(t)+py () +p,(t)+p,(t)+p,(t)

ACDM concordance model is almost perfect!

® Describes the thermal history of the Universe at the background level
® Epochs of inflation, radiation, matter, late-time acceleration
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Cosmology-background

. . 2
Homogeneity and isotro s — —a + ) (1 — +-;-2d9‘2)

Background evolution (Friedmann equations) in flat space

87
Ijrz — T (,ﬂrn. -+ f}UL}

H = —47G (pm + Pm + PDE + PDE) 5

(the effective DE sector can be either A or any possible
modification)

One must obtain a H(z) and Om(z) and wDE(z) in agreement
with observations (SNla, BAO, CMB shift parameter, H(z) etc)
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Cosmology-perturbations

" Perturbation evolutior 6 +2H6é —4nGeg pd =0  wheres = dp/p
where G g(z, k) is the eftective Newton’s constant, given by

under the scalar metric perturbaticgs? = —(1 4+ 26)dt? + a?(1 — 21))dz>

u . 2y K 2 T :
Hence- S5 + ((H ) 1 )*‘5’ ~ .E(l —|—2)HD OEH(Z:F{) 'Q'Dm(s

2 H? 1+ 2 2 H? Gy

with _ dins the growth rate, wit (a and Qom a2

f((L)  dlna f(a') :-Q-m(a-) ) Qm(a.)E m

_ o5
" One can define the observable: [f7s(@) =f(a)-ola) =775 ad(a)
Y TO)

with 7 = 7551 the z-dependent rms fluctuations of the linear density field within
spheres of

radius R = 8h~*Mpc , and 08 its value today.
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Matter Density Fluctuation
Power Spectrum
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Issues of ACDM Paradigm

1) General Relativity is non-renormalizable. It cannot get quantized.
2) The cosmological-constant problem.

3) How to describe primordial universe (inflation)

4) Physics of Dark Matter

5) A huge amount of accumulating data suggest possible tensions:
HO, fo8

Challenges for ACDM Beyond Hy and Sg

A. The Ay, Anomaly in the CMB Angular Power Spectrum

B. Hints for a Closed Universe from Planck Data

C. Large-Angular-Scale Anomalies in the CMB Temperature and Polarization
1. The Lack of Large-Angle CMB Temperature Correlations

. Hemispherical Power Asymmetry

. Quadrupole and Octopole Anomalies

. Point-Parity Anomaly

. Variation in Cosmological Parameters Over the Sky

. The Cold Spot

. Explaining the Large-Angle Anomalies

. Predictions and Future Testability

. Summary

D. Abnormal Oscillations of Best Fit Parameter Values

E. Anomalously Strong ISW Effect

F. Cosmic Dipoles
1. The e Dipole

. Galaxy Cluster Anisotropies and Anomalous Bulk Flows

. Radio Galaxy Cosmic Dipole

QSO Cosmic Dipole and Polarisation Alignments

. Dipole in SNIa

. Emergent Dipole in Hy

o0 =1 O OV e WD

7. CMB Dipole: Intrinsic Versus Kinematic?
G. The Ly-a Forest BAO and CMB Anomalies
1. The Ly-a Forest BAO Anomaly
2. Ly-a—Planck 2018 Tension in n,—2,,
. Parity Violating Rotation of CMB Linear Polarization

H .
I. The Lithium Problem [L. Perivolaropoulos , F. Scara,New Astron.Rev (2022), 2105.05208 [astro:
J. Quasars Hubble Diagram Tension with Planck-ACDM P h.CO ]]
K. Oscillating Force Signals in Short Range Gravity Experiments 1 8
L. ACDM and the Dark Matter Phenomenon at Galactic Scales
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Can General Relativity be
quantized?
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COSMOLOGICAL CONSTANT
PROBLEM

E, ~ (n+1/2)hw(k)
/0?\ 10™ 120/0/\
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HO tension

Tension (50!) between the data (direct measurements) and
Planck/ACDM (indirect measurements). The data indicate a lack of

“aravitational oower
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[Riess et al, Astrophys.] 826]
Current status flat ACDM
Ho measured / inferred using 4 !
many techniques A
ACT 2020
b 67.9+1.5 Indirect
o Jrmriorep! Direct
SNlas HOES)
e~ Current tension —7;”’@
~ SNIa+TI )
= somewhere between #ﬁt’ 10
__ ~5-70 RS
| = ﬂ.‘ﬁ‘ 3.0
3 ,7]‘ Big
W a S mfl ctuati
65.0 67.5 70.0 725 150 715 80.0
Cosmology Intertwined” (2032) Expansion rate Hy [km/s/Mpc|

Constraints on H,
L F
« Plasck CMB i Agiesin (20300 AT
" Plamck: ChiB Hensing “3 Aghamine (200} Early (assume ACDM)
g Ajcls L2000

| Adols (U0
+ BAD+ESD éﬁ%_'.h * Wy {2007y

« BAO+WALAP CMB - ey (X019)
+BAO+BEN Pl i (E
L= Ries [2201) Late (model independent)
. P (3519}
+ Salla=Cepheid . R ——
= Fimval (2661
S - Beed 00
[ )
« Sula~TRGB v&‘ - Frondraan ()
< S —_——
= Vean (2019}
Sala-Miras ~ - Hoamg (30135
¥ Biskemles (20211
+ Snla=5BF >—ﬁ—| Eheian {21}
— e Conile 200)
= Snell I—s—l uhpr [r-iTS

o mli

hlm
I—h—q Lins 21625
TD lenzing i - dbwjis (200}
- + Biierer (2010}
4y 5 ,
| | ,m Chen (201%) Abboa (1309
104 h_,s ekherion 1212
4 - Chen 20ty
: W Akt (30189 5 ey
[ 51 .
i ,hm:nh:mm
Oy : Finhbach C221%
— Ao, (2007}
e Feme
= = Ty
Bfasers '_._l's + o (2106
= - Kua (2015}
'—a!—' ¢ Koo (D05
'—i—u‘ - Raid (2008
Tullr Fisher G W oo )
ol |—b—n_ chorabert (20201
T-Tay T Py

50 6l 7 &0 o8 108
Hy [kms™ Mpc™]

[Abdalla et al, JHEAp (2022)] 21

E.N.Saridakis - Dragovich-80, May 2025




HO tension

"= Tension between the data (direct measurements) and Planck/ACDM (indirect
measurements). This tension could be due to systematics.

" |If not systematics then we may need changes in ACDM in early or late time
behavior. 50 seems to be very serious!
Publication Year of the Estimate
2000 2004 2008 2012 2016 2020
- - -

Error bars span values within one standard deviation of the mean
]
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60 ng
= Change early or late Universe physics. Higher number of effective relativistic
species, dynamical dark energy, non-zero curvature, etc.

" The data indicate a lack of “gravitational power”. Modified Gravity.
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Restoring cosmological concordance

Is LCDM Wrong?
gy = —°
g =
Dy
0.04% precision

- g DA
- -
- .~

s
Siafabal S ol
' e

- -

recom

trecom ttoday
re X / dtcs (t) Dy x i/ ahtL
0 p(t) HO t p(t)

How do we increase HO?

Increase integral in angular

Decrease sound horizon ()
diameter distance (Dx)

“Early time solutions” “Late time solutions”
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S8 Tension

" Tension between direct data and Planck/ACDM estimation. The
data indicate less matter clustering in structures at intermediate-
small cosmological scales.
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S8 Tension

TABLE II: A compilation of RSI) data that we found published from 2006 since 2018

Index Dataset = Fosiz) Refs. Vear Fiducial Cosmology
T SDes- LG 0.35 40 = 5 30 October 2006 [ 0m, (25, o)1= (025,00 r-.JG [ |
2 VVDS 0.77 G October 2009 (Soam. i, 08 (o
3 2AFGRS 0.17 6 October 2009 (to.r, Slsc ) — (0.2,0,0 g}

4 MRS 0.02 13 Novemwver 2010 (D20, Sl , m) = (0.266,0,0.65)

5 Snla+IRAS 0.02 20 Qctober 2011 (20an. S, 08 (0.3,0,0.814)

6 SDES-LRG-200 D.25 0 December 2011 (om0 ) = (D276, 0. 0.8)

T SDES-LRG-200 0.37 0 December 2011

a SDSS-LRG-60 0.25 9 December 2011 (S20em. S, O8) = (D276, 0, 0.8)

a SDSS-LRG-60 0.37 0 December 2011

10 WiggleZ D.44 12 June 20132 (20em, f. 0w} = (0.27,0.71,0.8)

11 Wiggle? 0.60 12 June 2012 o, = Eq(3.3)

12 Wiggle? 0.73 12 June 2013

13 GAFGS 0.067 4 July 2012 (S0em. . o6) = (027, 0, 0L76)
14 SDES-BOSS 0.20 11 Auguse 2012 [£20m, Sl . s} = (0.25, 0, 0.804)
15 SDES-BOSS 0.40 11 Auguse 2012

LG SDES-BOSS 0.50 11 Auguse 2012

17 SDES-BOSS 0.60 11 Auguse 2012

18 Vipers 0.50 9 July 2013 (Spm. Sy, og) = (025, 0, 0.82)
19 SDSS-DRT-LRG 035 8 August 2013 (20ms, 25, o )= (0,25, 0, 0.809)[85]
20 GAMA 0.18 22 Septamber 2013 (£, Cac =) = (0.27.0,0.8)

21 GAMA 0.38 22 Septamber 2013

22 BOSS-LOWE 0.32 1T December 2013 (loum. Clic, o8 (0274, 0, 0.8)
23 SDES DRI0 and DR11 0.32 17 December 3013 (o, S , F=)= (0274, 0, 0.8)[85]
24 SDES DRI0 and DR11 0.57 17 December 3013

25 SDSS-MGS 0.15 30 January 2015 (20w, b, o8] = (0.31,0.67,0.83)
26 SDES-valoc 0.10 16 June 2015 (L20am, $2ac, om )= (0.3, 0, 0.80)[91]
27 FastSound 1.40 25 November 2015 (2w, Sl s} = (0.27,10,0.82) (93]
28 SDSS-CMASS 0.50 8 July 2016 (Sl0om. i, o) — (D.207115, 0_677T, 0.8288)
20 BOSS DR12 0.38 11 July 2016 (2ire, S, 08) = (0.31,0,0.8)

30 BOSS DR12 0.51 11 July 2016

a1 BOSS DR12 061 11 July 2016

32 BOSS DR12 0.38 11 July 2016 (Soan. B, 78] = (0.31,0.676,0.8)
33 BOSS DR12 0.51 11 July 2016

34 BOSS DR12 D61 0. . 11 July 2016

a5 Vipers 7 076 0440 = 0.040 26 October 2016 (20, 2 ) = (0.308, 0_8149)

a6 Vipers T 1.05  0.280 = 0.080 26 Qctober 2016

a7 BOSS LOWE 0.32 26 Qctober 2016 (S0 . £2pc . 0a) = (0.31,0_0.8475)
38 BOSS CMASS 057 0426 = 0.029 26 October 2016

30 Vipers 0727 0.296 4+ D.OT6S 21 November 2016 (f2om, o, os) = (0.31,0,0.7)

40 6dFGS+Snla 0.02  0.428 + D.0M65 20 November 2016 ($20em, k. ow) = (0.3,0.683,0.8)

41 WVipers 0.6 16 December 2016 (20m, (26, T, Os )= (0.3, 0,045, 0.96, 0.831)[12]
12 Vipars 0.86 16 Dacembar 016

43 Vipers PDR-2 0.60 0.550 = 0.120 16 December 3016 (£20mm, £2s, o) = (0.3, 0.045, 0.523)
44 Vipers PDR-2 D86 0400 =0.110 16 December 3016

a5 SDSS DR13 29 Dacember 016 (Vpam, =)= (0.25,0.80)[51]

46 IMTF 16 June 2017 (20m, o2 ) = (0.3121,0.815)

a7 Vipers PDR-2 31 July 2017 (92, o, A} = (0045, (0.30,0.5)
48 BOSS DR12 15 Septamber 2017 [£25m, k. on) = (0,307, 0.6777, 0.8288)
40 BOSS DR12 15 Septamber 2017

50 BOSS DR12 15 September 2017

51 BOSS DR12 15 Septamber 2017

52 BOSS DR12 15 Septamber 2017

53 BOSS DR12 15 September 2017

54 BOSS DR12 15 Septamber 2017

55 BOSS DR12 15 Septamber 2017

56 BOSS DR12 15 September 2017

57 SDES DRT 12 December 3017 (120, Sls, 75 ) = (0.282, 0.046,0.817)
58 SDSS-TV 8 January 2018 (Fam, $2ae®, oe) = (026470, 002258, 0.8)
50 SDSS-IV 8 January 2018 (£2omm, S2R? o) — (0.31,0.022, 0.8225)
&0 SDSS-TV 0 Janusry 2018 (e, Os) = (0.31,0.8)

61 SDSS-IV U January 2018

62 SDSS-TV O January 2018

63 SDSS-TV 0 January 2018

Model Dependence: Distance to
galaxies is not measured directl
so a cosmological model is
assumed in order to infer
distances (ACDM with different
parameters).

Double counting: Some data
points correspond to the same
sample of galaxies analyzed by
different groups/methods etc.

[Kazantzidis, Perivolaropoulos, PRD97]
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Tension2 — fo8

Tension between the data and Planck/ACDM.
This tension could be due to systematics.

If not systematics, the data less matter clustering in structures at
intermediate-small cosmological scales (expressed as smaller Om
at z<0.6, or smaller 68, or wDE<-1).

It could be reconciled by a mechanism that reduces the rate of

clustering between recombination and today: Hot Dark Matter,

Dark Matter that clusters differently at small scales, or Modified
Gravity.

26
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Possible Solutions of HO and S8 tensions

tension < lo “Ercellent models”

tension < 2o “Geod models”

tension < 3o “Promising models”

Dark energy in extended parameter spaces [289]

Dynamical Dark Energy [309]

Metastable Dark Energy [314]

PEDE [392, 394]

Elaborated Vacuum Metamorphosis [400-402]
IDE [314, 636,637 639, 652, G5T, 661-663]
Self-interacting sterile neutrinos [T11]
Generalized Chaplygin gas model [T44]
Galileon gravity [876, 882

Power Law Inflation [D66]

f(T) [B18]

Early Dark Energy [235]

Phantom Dark Energy [11]

Dynamical Dark Energy [11,281, 309
GEDE [397]

Vacuum Metamorphosis [402]

IDE [314, 653,656, 661, 663, G70]
Critically Emergent Dark Energy [997]
FIT) gravity [814]

Uber-gravity [59]

Reconstructed PPS [978]

Early Dark Energy [229]

Decaying Warm DM [474]
Neutrino-DM Interaction [506]
Interacting dark radiation [517]
Self-Interacting Neutrinos [T00, T01]
IDE [656]

Unified Cosmologies [T47]
Scalar-tensor gravity [R56]
Modified recombination [986]
Super ACDM [1007]

Coupled Dark Energy [65(0] —

Early Dark Energy [228, 235, 240, 250]
Exponential Acoustic Dark Energy [250]
Phantom Crossing [315]

Late Dark Energy Transition [317]
Metastable Dark Energy [314]

PEDE [394]

Vacuum Metamorphosis [402]
Elaborated Vacuum Metamorphosis [401, 402]
Sterile Neutrinos [433]

Decaying Dark Matter [481]
MNeutrino-Majoron Interactions [509]
IDE [6G37, 639,657, 661]

DM - Photon Coupling [G85]

F(T) gravity theory [812]

BD-ACDM [851]

Uber-Gravity [59]

Galileon Gravity [875]

Unimodular Gravity [890]

Time Varying Electron Mass [990]
MCDM [995]

Ginzburg-Landau theory [936]
Lorentzian Quintessential Inflation [979)]
Holbographic Dark Energy [351]

Early Dark Energy [212,229, 236, 263]
Rock ‘n’ Roll [242]

New Early Dark Energy [247]
Acoustic Dark Energy [257]
Dynamical Dark Energy [3019]
Running vacuum model [332]

Bulk viscous models [3440, 341]
Holographic Dark Energy [350]
Phantom Braneworld DE [378]
PEDE [391, 392]

Elaborated Vacuum Metamorphosis [401]
IDE [659, 670]

Interacting Dark Radiation [517]
Decaying Dark Matter [471, 474]

DM - Photon Coupling [G8(]
Self-interacting sterile neutrinos [711]
S(T) gravity theory [817]
Uber-Gravity [871]

VCDM [893]

Primordial magnetic fields [992]
Early modified gravity [859)]

Bianchi type I spacetime [999]

£(T) [818)

DE in extended parameter spaces [28‘.1}]_
Dynamical Dark Energy [281, 309]
Holographic Dark Energy [350]
Swampland Conjectures [370]
MEDE [399]

Coupled DM - Dark radiation [534]
Decaying Ultralight Scalar [538]
BD-ACDM [852]

Metastable Dark Energy [314]
Self-Interacting Neutrinos [T00]
Dark Neutrine Interactions [716]
IDE [G34-6G36,653, 656, (663, 669]
Scalar-tensor gravity [B55,856]
Galileon gravity [877,881]
Nonlocal gravity [R86]

Modified recombination [986]
Effective Electron Rest Mass [989]
Super ACDM [1007]

Axi-Higgs [001]

Self-Interacting Dark Matter [479]
Primordial Black Holes [545]

E N.Saridakis - nrngn\/irh_Rn, May

2025



Possible Solutions of HO and S8 tensions

e . Specific Solutions Assuming FLRW
Early-Time Alternative Proposed Models 1. Active and Sterile Neutrinos

1. Axion Monodromy 2. Cannibal Dark Matter
2. Early Dark Energy 3. Decaying Dark Matter
3. Extra Relativistic Degrees of Freedom 4. Dynamical Dark Mattf’r )
4. Modified Recombination Historv 5. Extended Parameter Spaces Involving Ajes
) : ) ¥ 6. Cosmological Scenario with Features in the Primordial Power Spectrum
5. New E:Lrly Dark Ell{‘l'gy 7. Interacting Dark Matter
Late-Time Alternative Proposed Models 8
9

3. Quantum Landscape Multiverse
1. Bulk Viscous Models . Quantum Fisher Cosmology

10. Quartessence

:2' (:113‘11101_{}011 Dark Energy 11. Scaling Symmetry and a Mirror Sector
3. Clustering Dark Energy 12. Self-Interacting Neutrinos
4. Diffusion Models 13. Self-Interacting Sterile Neutrinos
5. Dynamical Dark Energy 14. Soft Cosmology ) o
) 15. Two-Body Decaying Cold Dark Matter into Dark Radiation and Warm Dark Matter
6. Emergent Dark Energy
7. Graduated Dark Energy - AdS to dS Transition in the Late Universe
8. Holographic Dark Energy
9. Interacting Dark Energy

10. Quintessence Models and their Various Extensions
11. Running Vacuum Models

12. Time-Varying Gravitational Constant

13. Vacuum Metamorphosis

Modified Gravity Models
1. Effective Field Theory Approach to Dark Energy and Modified Gravity
2. f(T) Gravity
3. Horndeski Theory
4. Quantum Conformal Anomaly Effective Theory and Dynamical Vacuum Energy
5. Ultra-Late Time Gravitational Transitions

Beyond the FLRW Framework
1. Cosmological Fitting and Averaging Problems
2. Data Analysis in an Universe with Structure: Accounting for Regional Inhomogeneity and
Anisotropy

3. Local Void Scenario E.N.Saridakis - Dragovich-80, May 2025
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Efficient model independent requirements
to solve the tensions

e In general, to avoid the Hy tension one needs a positive
correction to the first Friedmann equation at late times that
could yield an increase in Hy compared to the ACDM

scenario.
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Efficient model independent requirements
to solve the tensions

e For the og tension, we recall that in any cosmological
model, at sub-Hubble scales and through matter epoch,
the equation that governs the evolution of matter
perturbations in the linear regime is

0 + 2Hb6 = 47 Gegrpmd (1)

where G is the effective gravitational coupling given by a
generalized Poisson equation.

e Solving for §(a) provides the observable quantity fog(a),
following the definitions f(a) = dInd(a)/dIna and
o(a) = ogd(1)/d(a=1). Hence, alleviation of the og
tension may be obtained if G.¢;s becomes smaller than Gy
during the growth of matter perturbations and/or if the
“friction” term in (1) increases.
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General Relativity
Assumptions and Considerations

5 =roeg 1B 20+ o~ QD

" Diffeomorphism invariance

= Spacetime dimensionality=4

" Geometry=Curvature (connection=Levi Civita)
" Linear in Ricci scalar

" Metric compatibility (zero non-metricity)

= Minimal matter coupling

" Equivalence principle

" Lorentz invariance

= Locality

32
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Standard Model vs General Relativity Lagrangians
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Modified Gravity
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Lorentz
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Viclation ) ~ ") -
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- Tensor |
Horndeski 5=

Chern-
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Scalar-Tensor Theories

" Field equations:

¢9G,, +| 0 +%(V¢)2 +V|g,-V.V.¢- %WW =87 T,

L
QRw+3) ¢+ (Ve) +4V - 2¢V' =81 T
" For Brans-Dicke:

PPN parameters:

Newton’s constant: witfi w
Boon =L, Yepy = = w =40000
2+w
G =| 34+2w |1 G 7100 yrt
3+2w ) ¢ G
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Brans-Dicke Cosmology
Friedmann-Robertson-Walker metddt=de’ - a’ ()5, dx'dx’

Friedmann equations:

2
H2 :8_JT m- Q+Q¢_2 +1
3¢ 9 6¢° 39
: 1 w P> 1%
2H +3H? =- —| 8ap,, +——+2H¢+¢] +—
¢ 2 ¢
Scalar-field equation:
- - =0 + 2V - ¢p—
¢ +3H¢ 2w+3(,0m 3p, ) =0 3 ¢d¢]

Matter equation®, +3H(p, +p,) =0

36

E.N.Saridakis - Dragovich-80, May 2025



0's

Dark Energy in Brans-Dicke Cosmology

= Effective Dark Energy sector:

3 . w ¢?
Opy = | - Hp+ 2L | +— p
8 6 ¢ 81 = w,, =—2£
. DE
1 [ w¢? S 1%
Ppg =— | ——+2Hp+¢ | - —
8| 2 ¢ 8
2
1.0 | Matter |
- - - - Radiation
BD Field
0.8
1]
=
0.6 qu: _________
E of S T |
= 1
0.4 g ]
] 1
/! = !
0.2 ,’I g __," i
’
L , J
\
oo - V(p) =22 -
100- 10" — 1"02I 10° “‘1"0‘. 105 I”“‘IHO"I ¢ -210“ 1-0‘ 102 1:)B 10* 10° 1doﬁ 1:)7 10°
1+ =z 1+ =z 37

E.N.Saridakis - Dragovich-80, May 2025



Scalar-Tensor Theories

5
= Most general 4D scalar-tensor theories having second-order field equal’ogs_:—z L.
1
=2

L,[K]=K(¢,X)
L3[G3]:_G3(§D:X)°90 X=-0"90,0/2
L4[G4]:G4(go,X)R+G4’X[(o¢)2—(vyvv¢ (V“vao)}

LS[GS]:GS(q),X)GHV(V”VVqD)—éGS’X[(o(p)3—3(<>go)(Vuvv(p)(V”VV¢)+2(V”VO(§0)(V“VBq))(VBVyQD)]

[G. Horndeski, Int. J. Theor. Phys. 10
]
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Horndeski Theories

5
= Most general 4D scalar-tensor theories having second-order field equaq'logs_;-z L.
1
i=2

Lz[K]:K(QD:X)
L,[G,]=—G,(¢,X) o0 X=-0"pd,0/2
L4[G4]=G4(q),X)R+G4’X[(o¢)2—(vyvvgo (V“VW))]
L[Gs1=G4(0.X)G,, V'V 0| =G ([l0 0 =3(20)(V,V,0)(V*V'0|+2(V*V 0| [V*V,0| VIV, 0
[G. Horndeski, Int. J. Theor. Phys. 10

Coincides with Generalized Galileon theories
(p—)(p+c,8u(p—)8u(p+bu

[Nicolis,Rattazzi, Trincherini, PRD 79]
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Solving HO tensions in Horndeski
Gravity

Gy=1/(161G)and G; =0, K = —-V(¢)+X
ppe =2X — K+ 2H*X¢(5Gs x +2XGs.xx),
poE =K —2XGsx (2H ¢ +2HH$ + 3H*¢) — 4H*X*$Gs xx

Grff 1 . h
o 3 (Gﬁl —2XGyx + XG5 — ';ﬁHXGF”X)

» Model I: G5(X) = £X?

H(z)/(1+2)*"

L

1E-3  0.01 0.1 ” 1 10 1E-3  0.01 0.1 7 1 10 100

100
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Solving HO tensions in Horndeski
Gravity

MZ
8= /dﬁlx\/——g {TPIR-%Gz(X) +G3(X)D¢]
Go(X) = —eaMy ' P(=X/2)P,  G3(X) = —e3My (=X /2P

Hy=72"8kms '"Mpc~! at 95% CL,

[N. Frusciante, S. Peirone, L. Atayde, A. De Felice, PRD 101]

Gr(X)=a X +axX?,  G3(X)=3a3X

Hy = (69.3730) kms !Mpc~! at 95%

[S. Peirone, G. Benevento, N. Frusciante, S. Tsujikawa, PRD 100]
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Bi-scalar Theories

s=[d*x/=gf[R,(VR,0R]

For

f[R,(VR},oRI=K[R,(VR)+Q[R,(VR)’|oR [Naruko,Yoshida,Mukohyama CQG
[ 2 L2 e B ] 33 ]
:>S:fd4x\/——g %ﬁ—%g“"aux@vx—%e MXQ‘”Q@yx@qu%e /3xK+%e MXqu)_%e /3X<p
2
K=K(<p,BJ,G:G(q),B),B=2e‘ﬁ3xg”vvpfpvv<p
42
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Bi-scalar Theories

" Modified gravity propagating 2+2 dof’s

§=

[d*x=gf[R,(VRF,oR

"  For

f[R,(VRF,oR|=KR,(VR)+Q[R,(VR|oR [Naruko,Yoshida,Mukohyama CQG
r o 33 ]
]2 P 2
=S=[d*xV/—g % —%Q“vayxavx—% o 9" Qa, x o, <p+411 2WSXK%e WSXQW—%P: M“Xq)
ey i
Klg,B|,G=Glg,B|,B=2¢"*" ¢g"V oV ¢
_0 _ 10-
Klo,B=-,G|lo,B|=¢B
9,B=7,Glo, BI=¢ N >< 00
1 . . . . DE
PpE= 2X g° e 2P 1-2e P g-Ep* (Vo g6 H| - T W
0.0 05 1.0 15 20
W 0.0 -0.5-
_1 _2+l _ZV%X(l—Z \/73){) 1 2(\@ . +6) DE-0_5-
Ppe=5 X *ge€ e =280 V69 x+60 )
-1.0 =
00 05 10 15 20 107 -
0.5
q 0.0 /
'1-5 T T T T T T T T T 1
-0.54 0.0 0.5 1.0 1.5 2.0
0:0 I 0:5 l 1:0 I 1:5 ' 2:0 Z
[Saridakis, Tsoukalas PRD 93 ] z 43
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Solving HO tensions in Bi-scalar Gravity

« ModelI: #(¢,B) = 1o — 5B and %(¢,B)=0

80 : " T r -0.95—

Hiz)i1+z)¥?

8:.]0{]1 0.010 0.100 1 10 100

[M. Petronikolou, E.N.Saridakis, Universe 9]
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Running Vacuum

® Upgrade the cosmological constant A (vacuum energy) to a running vacuum:

3H? =87 G(H) (pm + pr + pa(H))
3H? +2H = —81 G(H) (p, — pa(H))

vac vac

PRVM — —PRVM

3 ; ;
pA(H; v, a) = e (t"n + vH? + %rr H) + O(HY)

[Sola, Gomez-Valent, Perez Astrophys. ] [Basilakos, Polarski, Sola PRD86]

836]
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Solving the tensions in Running Vacuur

B NCDM B type-ll RRVM
74 B BD-ACDM -
,»"I-F_ : _H"“-n__
17N -
o
i
70 -
68 I -
1 | l
0.77 0.80 0.83
Og
[J. Sola, A. Gomez-Valent, J. de Cruz Perez, C. MorenoPulido

CQG 37]
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“Those that do not know geometry are not allowed to
enter”.

Front Door of Plato’s Academy

" E.N.Saridakis - Dragovich-80, May 2025



Descriptions of Gravity

" Einstein 1916: General Relativity:

energy-momentum source of spacetime
Curvature

Levi-Civita connection: Zero Torsion

" Einstein 1928: Teleparallel Equivalent of GR:
Weitzenbock connection: Zero Curvature

[Cai, Capozziello, De Laurentis, Saridakis,
Rept.Prog.Phys. 79]
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1
{gt.!x/} — é.ga)\(gﬁu,,u- + g;.i-}t,u — g;_(.u,)\)- (13)

The corresponding covariant derivative will be denoted by D so that we will have D,g,, = 0.
A general connection I'*,,, then admits the following convenient decomposition:

Fa,u.u - {ﬁau} + R’Q#U + La,u..u (14)
with

ey 1 ¥ a3 ¥ ¥ o
K*, ==-T*+T, LY, =5Q% — Q" ) (1.5)

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

N
} Qapu

.
>

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 RelqivilyS aridakis - Dra g ovich-80 M ay 2025



Metric-Affine Modified Gravity

Riermann
I =
Riemann-Cartan ﬁ'ﬂ““ =i, torsion free
g =1 Tll“":ﬂ '-r'l"pr- =}
Minkowski
: 1 svmmetric
Weitzenbick
i teleparallel
i R 11 HEI
i AT puw=0,
™ e —0 ES
T2 =0
teleparallel

RBY o=l

FIG. 1. Subclasses of metric-atline geometry, depending on
the properties of connection,

1 e
Son = 5 [ {07 Ry + N Traon + NE Quur )/ =T %

S‘botal - SGE = Smat,ter >
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Teleparallel Equivalent of General Relativity
(TEGR)

Let’s start from the simplest tosion-based gravity formulation,
namely TEGR:

Vierbeins ¢! : four linearly independent fields in the tangent

spa?e A B
guv X):nABeu(X)ev(X)

Use curvature-less Weitzenbbck connection instead of torsion-
less Levi-Civita one: pA —eAa e’

Torsion tensor:

1) =riW-riVi=ei (0 e —0 e

Lagrangian (imposing coordinate, Lorentz, parity invariance, and up to 2nd
order in torsion tensor)

S R 1w Jr— . Completely equivalent
L_T_ZT pr+§T TV prTv with
GR at the level of
eguations 51
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f(T) Gravity and f(T) Cosmology

" f(T) Gravity: Simplest torsion-based modified gravity

" Generalize T to f(T) (inspired by f(R))

S= 1
16 G

= Equations of motion:

[ d*xe|T+f(T)]+s

m

— \Z Y \ 1 v v
e 10, (e St |[1+f | €} Th, S ¥+ e, " 6y(T)fTT—ZeA[T+f(T)]:4nGeng{EM}

52
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= f(T) Gravity: Simplest torsion-based modified gravity
Generalize T to f(T)

= f(T) Cosmology: Apply in FRW geometry:

f(T) Gravity and f(T) Cosmology

S=

1

16 G
Equations of motion:

eilau(ee’/’{Sg")

(inspired by f(R))
[ d*xe[T+f(T)]+S,,

v v 1. v ]
L+fr| =€ T} S, +e4 S 0, (T )f = e[ T+f(T)]=4r Gef T, ™

el'=diag(1,a,a,a)=ds’=dt’—a*(t)§, dx' dx’ (not unique choice)

Friedmann equations:

8 G flr

3 6

p—_ _41G(pu*p,)
1+f,—12H*f .,

Find easily
T=—6H"

53
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f('T) Cosmology: Background

Effective Dark Energy sector:

3 I . 1IFr
P = 1 [f — frT + QTszT]
167G N 1+ fr+ 21 frr
W= f_TfT+2T2fTT
DE [1+fT+2TfTT][f_2TfT] [Linder PRD 82]

Interesting cosmological behavior: Late-time acceleration,

Inflation etc
[Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]
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f('T) Cosmology: Perturbations

For scalar perturbations:
e)=6(1+y),ef=8a(1—g)

=>ds’=(1+2y )dt’ —a*(1-2¢)5, dx' dx’

Obtain Perturbation Equations.

0+ 2H — AnGeg pd =~ 0

Gesi(a) . 8
GnN 1+ fr

Q(a) =

[Chen, Dent, Dutta, Saridakis PRD 83],
[Dent, Dutta, Saridakis JCAP 1101]

8T¢ = —bpy

8T o' = a™*(pm + pm)(—~D:bu)
ST O = (o + i) (Bi658)
ST = 8iydpm + Bu0;wS.

Eg= (L+ f)(VP¢) +6(1+ [5)H
+6(1+ fo)H>» — 3f1H?
T+
4
Ey= (14 f5)0ub+ (1 + f) HO)
12HI fl9id = —4nCG(pm + pm)0ibu,
ES = 12H20:8L (¢ + H)fY — (1 + f3)8:5L( + Hap)
= 47G(pm + pm )i, bu,

AnGéppm,

Eiss = f_ﬂf (—m? = fr) +4 (121}21'1)

a

L4 snte ,
L) 5 o — o)
b#a

T+ fo) Ti+hi
4a 4a

L)) [6H+ 6H? — 3H$

@

+é+ H(2y — ¢) + HY|
+'%‘," (—24HH — 480 H?*H — 12H?3
' 12H%) + 12H? H ¢)
= 2 (ot + ),
Bhveatt = 5000600 - )
= AnGa 6} 0" 60w
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Efficient model independent requirements
to solve the tensions

We consider a correction in the first Friedmann equation of the
form

H(z) = _¥ * \/diESZ) + Hicom(2) - (2)

where Hxcpm(Z) = Ho/Qm(1 + 2)3 + Qa is the Hubble rate in
ACDM, with Qp, = pm/(3M5H?) the matter density parameter
and primes denote derivatives with respect to z.

e If d < 0 and is suitably chosen, one can have
H(Z — ZCMB) ~ H/\CDM(Z — ZCMB) but
H(z — 0) > Hacom(2 — 0); i.e., the Hp tension is solved
[one should choose |d(z)| < H(z), and thus, since H(z)
decreases for smaller z, the deviation from ACDM will be
significant only at low redshift].

@ Since the friction term in (1) increases, the growth of
structure gets damped, and therefore, the og tension is

also solved.
E.N.Saridakis - Dragovich-80, May 2025



Solving HO and S8 tensions in f(T)
Gravity

e We consider the following ansatz:
f(T) = —[T +6H5(1 — Qmo) + F(T)], (9)

where F(T) describes the deviation from GR
The first Friedmann equation becomes

F'(2)
T'(2)

e In order to solve the H, tension, we need
T(0) = 6H3 ~ 6(HS©)?, with HY® = 74.03 kms~! Mpc~!,
while in the early era of z > 1100 we require the Universe
expansion to evolve as in ACDM, namely
H(Z 2 1100) =~ HI\CDM(Z z 1100)
This implies F(2)|;>1100 ~ ¢T'/2(z) (the value ¢ = 0
corresponds to standard GR, while for ¢ # 0 we obtain
ACDM too).

T(z)+2 T(2) — F(2) = 6H&cp(2) - (10)

[S-F Yan, P. Zhang, ] W Chen, X_Z Zhang, Y-F Cai, E.N. Saridakis, PRD
10171 E.N.Saridakis - Dragovich-80, May 2025



Solving HO and S8 tensions in f(T)
Gravity

The effective gravitational coupling is given by

Gn

Geff:1+FT. (11)

Therefore, the perturbation equation becomes

5. (12)

5,,+{T’(z) 1 ]5, IHEQmo(1 + 2)

2T(z) 1+z| [ +F(2)/T(2)]T(z)

Since around the last scattering moment z 2 1100 the
Universe should be matter-dominated, we impose

0'(2)| 1100 ~ —1159(2), while at late times we look for §(z) that
leads to an fog in agreement with redshift survey observations.

[S-F Yan, P. Zhang, ] W Chen, X_Z Zhang, Y-F Cai, E.N. Saridakis, PRD
101]
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Solving HO and S8 tensions in f(T)

Gravity

By solving (10) and (12) with initial and boundary conditions at
z~ 0and z ~ 1100, we can find the functional forms for the
free functions of the f(T) gravity that we consider, namely, T(z)

and F(z), that can alleviate both Hj

T/6H;

T —1.65
Model-1: F(T) ~ 375.47 ( 1z )
0

and og tensions.

or 1.08 ——— Madal-1
[ —— Modal-2
= 3 1.06 |-
~ ——-6GR
-:1 g 1.04
~ [ =
< [ D
E‘ -2 = 102}
= [ \D 1_00__-__—_“-.‘_
s -2f '
F l
3 i 0.98
-4 096
E .y ey ey T 1 [t PRI | PR | PN | A | AR e v
0 10 20 30 40 50 o001 0.010 0.100 1 10 100 1000

—1.65
Model-2: F(T) ~ 375.47( 51z ) +25T1/2

6HZ

[S-F Yan, P. Zhang, ]_ W Chen, X_Z Zhang, Y-F Cai, E.N. Safjdakis.

IE)B\J;)govich—SO, May 2025



Solving HO and S8 tensions in f(T)
Gravity

80 — — —
B Oﬁ{j N T T T T T T T T T T T T T T T T T T T T
|1 ® Euclid farecast
T 0.55F
700 . ® SDS5-III
N e ——————— e ] 0s0F ® 5DS5-Iv I
% 045} —— Model-1
-:t 60 r —_— Model-2
= 0.40 I
= - ACDM
= 1 " 0.5
T sof; -
L
@ HST 0.30 ]
: — Models-1 & =2
401 - Acom 0.25
| i i M | i i M A | i i [ R R | ] i I i
0.001 0.010 0.100 1 0293 25 3.0
Parameter CMB + BAO CMB + BAO + Hy — —
10%w, 2.23570 013 223570013 w1 B ACDM :
Wedm 0.1181j§-gug;L 0.118+5001
1006, 1.041“_“&,3585; 1.041;%_%2? N 0-90
In 1004, 3'0?818:'8%39 3'08—&'% .
e 090TEgpme 000 ppo ol e
Treio 0.073% 13 0.075Z5 012
n 0.0043$§;§831§§ 0.0054{%;%% . 0.84
log 10.00+% 10.03+0: 1
Qro 0.735;32?; 0.?38tgﬂ;§§ 0.81
Hy 724433 73.5131 B ‘ ‘ ‘ ‘
Og 0.855+0-022 0.8667502 0240 0255 0270 0285 0.300
X2 /2 6480.48 6482.27 Q

[S-F Yan, P. Zhang, J-W Chen, X Z Zhang, Y-F Cai, E.N. Saridakis, PRD 101]

[J-W Chen, W. Luo, Y-F Cai, E.N. Saridakis, PRD 102]

[S. Basilakos, S. Nesseris, F. Anagnostopoulos, E.N.Saridakis, JCAP 2Q19], ...
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Viable {(T) models

N
2 f1CDM
(]
0.90
002040608 1012 14 00 020406 081012 14
z Z Z
1.10 1.10 1.10
= Inf(T)« Iy ! | B >
1.05 ] 105 105
= fo8 ten ]
g F 3 g f2CDM
= 1.00 ji— 1 = 1.00 T 1.00 fE—
L] K ]
095 1 0.95 095
050 ] 0.90 0.90
00 02 04 06 08 10 12 14 0002040608 1012 14 00 020406 081012 14
z Z z
1.10 1.10
I I
105 1.05
~ N ~
i~} L]
095 095
090 5 . 0.90 0.90
00 02 04 06 08 10 12 14 0002040608 1012 14 00 02 0406 081012 14
X z z

Gesr/GN

[Nesseris, Basilakos, Saridakis, Perivolaropoulos, PRD 88]
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In other modified gravities: Not possible

" This behavior is not possible in other modified gravities. e.qg.:

= /d4$ vV—9 (%f(}? ‘{b X) + E??l) X =—9"0u00,0

2

1fx+4(fx“;2p;+ F)

2 F?
fo +3_(f e FFH + ﬁ") F = F(R,¢,X) = 0rf(R,¢,X)

Gugla, k) /Gy

Geg /G
o >1 for all models that do not have ghosts

(i.e. with fR,fRR>0).

" On the contrary, f(T) gravity has second-order field equations and
moreover perturbations are stable in a large part of the parameter
phase. 62

E.N.Saridakis - Dragovich-80, May 2025



Q) gravity

Riemann
L«

Riemann-Cartan ‘E:"w =y torsion free
e =1 l:I":'lllil-"'=|-I 'i""\"#,._,=|_|-
Minkowski

; 3 symmetric

Weitzenhack '
» teleparallel
p==lN, HEH
e R ppuis=,
s T =0
teleparallel
R oy =10

FIG. 1. Subclasses of metric-atfine geometry, depending on
the properties of connection.

affine connection I'Y! , can be decomposed as

piv
Ty = Th + K+ L%, 1)
where f‘ﬁy is the Levi-Civita connection,
1
K5 = 5T + T 0 )

is the contortion tensor with 7%, the torsion tensor, and

1

LQIU.IJ = §Q&|u.u - Q{:: v) (3)

is the disformation tensor arising from the non-metricity

Qup.u = v:’lg;.ﬁr"! (4)

63
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f(Q) gravity

A — TA A
T pL = I e I (T
a : a X a ex T
R Py — d I v f}yr L + I I--'Ifi]-—ll pley I Iu.pF ULS)
while the nonmetricity can be expressed as

— '? 3 v
Qlﬁ-luu - vpﬂ;w - f};:‘_-'f;w - ,:a,ui—?ﬁy - I prud - (h)

1 [ A 1 K 1 K 1 ‘_l!']:
Q — _EQH.&’FQ 1 + 5@.;1,37@'*? + EQEIQ - §QHQ ;

(7)
where Q, = @}, , and Q”‘ = Q.
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f(Q) gravity

1 |
§=— [ d2v=3f(Q). (8)

—— {\/_Qﬁufi;l {-—L e 4 ly“ﬁ (Q - Q" )

vV 4
1
_g (guy.Qﬁ +gu,ﬁQy.):| }
+f __1 prexfd i( Iu.f.'tQﬂ 4+ i3 yex
Q [~g g 9 " Q)
1

. [
E uﬂ (Q'”‘ Q“)] Quas + §§fjf = {‘J)

with fo = df/0Q.
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f(Q) cosmology

" Background:

T
thHg - ﬁf Py

, : 1
(IZHE_}CQQ T fQ)H - -ﬁ(ﬂﬂﬂl T FJTTL) - (11)

Q = 6H?, (12)
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f(Q) cosmology

® Perturbations:

—a*dp = 6(fo +12a*H*foq) H(Ho + ¢') + 2fok v
~2 [fo+3a *foq (H' + H*)| HEB.  (19)

1. : 'L .
507 (p+p)v=[fo+3afaq (H' + )| Ho
+6a=? fooH?e' — 9a 2 foo (M — H?) Hyp

+fol! — a2 fooH kB, (20)

, . , s 1. . . , o d :
—a’dp = (fo+ 12a % fooH?) (Ho' + ") + {f@. (H’ +2H? — Ek"‘) +12a * fooH* (4H' — H?) + 12:.1—2%?{* ¢

. . o (l 1 5
+ 2 |fq+6a"*fqq (BH' — H?) + ﬁa_z%?{] He' + Equzw

. o 1 . . o d ,
(fo +6a % fooH’) k*B' - 3 [qu +3a % foq (5H —H*) + ﬁa_z%’h{] HE’ B, (21)

1
3 At
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f(Q) cosmology

® Perturbations:

— fooH [2H¢ + (H'+ H*) ¢ + (H' — H?) (v — B')]

. . 1 ., .
- |fee (?{’2 +HH — 3HEH 5?{%2)

+ %(H’-H%H]B:U, (24)
AnG

0" + M = ?;f;’jé, (30)
G

GeHEE: (31)
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Solving the tensions in f(Q) gravity

I CC +SNia W QexplAGD)
. DM
BN CC+SNia+BADs
) W CC + SNia + RSD
1
1]
1
1
1
U
[/
g/
am
075 .
070
=
0.65
3
-192
196
-19.3 ¥ ¥ ¥ 4
- -19.4 160
b4
-195 130
-19.6 o
. L L . .
030 035 040 0.65 070 075 -196 ST
[T G e o6 070 Gr4 196195 ET R TR T
h M Oma h M 4

[F. Anagnostopoulos, S. Basilakos, E.N.Saridakis, JCAP 2019]
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Conclusions

1) Astrophysics and Cosmology have become precision sciences.

i) A huge amount of accumulating data suggest possible tensions
with theoretical predictions of ACDM paradigm.

i) New Physics or paradigm shift may be the way out

iv) We can modify the Universe content, the interactions, or/and
the gravitational theory. Historically, modified gravity has ben
proven to be the solution quite often.

- - qaki - 70
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Conclusions

1) Astrophysics and Cosmology have become precision sciences.

i) A huge amount of accumulating data suggest possible tensions
with theoretical predictions of ACDM paradigm.

i) New Physics or paradigm shift may be the way out

iv) We can modify the Universe content, the interactions, or/and
the gravitational theory. Historically, modified gravity has ben
proven to be the solution quite often.

THANK YOU! .
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