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

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

= New Tensions appear.
Are we approaching New Physics?
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Aristotle - 350 BC

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

Schema huius praméTx diaibonis Sphateanem .
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Maragha Observations
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= Observations in Maragha in
11t century, started putting
into doubt Earth’s non-motion,
however not geocentrism.
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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

s 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 perilihegmum - 1859

ne true orbits of planets, even if seen fromthe SUN
are not ellipses. They arerather curves of thistype:
y

RN
\_ ‘\
. ’ This angle is the
( “‘!’. perihelion advance,
% dn y predicted by G.R.
e For the planet Mercury it is
Ap =43'of arc per century
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Micheson-Morley experiment - 1887

Michelson-Morley Experiment

Liaght
Source

Screen to detect
Interference pattem




General Relativity

energy—momentum source of spacetime Curvature
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ummary of 20t century Observations

The Universe history:
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Standard Model of Cosmology

ACDM Paradigm + Inflation

.k _b
HO = bl a0+ 0] M,
H(t)- a('i)z = —47G[ (1) + Pen() + 25 (1) + P () + 2, () + P, (B)]

ACDM concordance model is almost perfect!

= Describes the thermal history of the Universe at the background level
»s Epochs of inflation, radiation, matter, late-time acceleration
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Cosmol ogy-background

]
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Homogeneity and isotropy: a.* — —a* + o) (

+ r2d0? )

Background evolution (Friedmann equations) in flat space

5 8w
H"= = (pm + PDE)
H = —47G (pm + Pm + pDE + PDE)

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

One must obtain a H(z) and 2m(z) and wDE(z) in agreement with
observations (SNIa, BAO, CMB shift parameter, H(z) etc)
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Cosmol ogy-perturbations

Perturbation evolution: &+ 2HS§ —4nG.gpd~0 where 6§ = d6p/p
where G.g(z, k) is the effective Newton'’s constant, given by

V2¢ =~ AnGegp 6.

under the scalar metric perturbation ds® = —(1 4+ 2¢)dt* 4+ a*(1 — 2¢)dz?

(H2) |
2HZ 14z

”ﬁJ Crofl 2, k)
H?2 (Gn

!.!”m I'l!

Hence: 4"+ ( )n‘* == 2[1 +z)

) . - =,
with f(a) = 912 the growth rate, with f(a) = ()™ and .(a)= 'I!;'I[E”ri_'*r;!f"
) jiig

T

One can define the observable: |fos(a) = fla) - o(a) = 777 a #(a)

with @(2) = a5 the z-dependent rms fluctuations of the linear density field within spheres of

radius 1# = 8/~ 'Mpe, and o8 its value today.
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Cosmology in the 21st century

T
B

Space Telescopes

T p—
- 0E

LISA:

Opens the IMcnu.',f

gravitationalbumiverse
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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

Challmges for VORI Boyonel @ mmad Sy
A The Agpe Anomaly in the OB Anpalar Powsr Spectroan
B, Hims foea Olosed Unplvetse froan Plomek Data
. Large-Aagulor-Scale Apoomilis B clie CAIE Toaopemiure nd Pelorization
l. The Lack of Large- Angle UMEB Temprostare Correlaticons
Hemesphiereal Poocr Asyvammietsy
Cruadrapde apd Chotopole Anomalies
Pisimt-FParity Anionanty
»OWiersatkua o Oosnsobogion! Parusieeters Owver tloe By
. The Clold Spat
Explninimg the Liurge-Angk Ancomnfies
Prediccions amel Futioe ll.!."'\-'l::'hl'll.lllz:l'
1l By
v, Almormal Oscillitiones of Best Fit Parooseter Valoes
E. Arcimaloosly Strong W Eifect
F. Casmic ]-:“FIII.II'h
L. The “Iitu.'lll'
2. Gaalsry Chistor Anisotropes wnd Aoomabomns Balk Flows
A Raclio Galixy Cosaie Dipoals
S0 Coegie Dhipol and Polark-wibsn Abllpnosmss
fi rllp-||-c' i =M
6. Ewergent Dinsobs n B

o]
B |
1
'I
i
T

7. OME Dipode: Tiedasle Verss Kiumoo?
i T Lyv-u Fosest BAC) and UM dgedialh-s
I, The Ly-n Forsd BAD Ay
A L Planck MIE& Tooedan w1, L2,
. Parity Wiolsting Botathon of CMEB Linear Polirbation ;
Thr Litsénm Preblm [L. Perivolaropoulos , F. Scara,New Astron.Rev (2022), 2105.05208 [astro-ph.CO]]
. Ui Blublilis DRagrain Teawkm with Plase k-4
K. {kaflntme Force Sizusls in Sleet Range Goavice Expenners 17

L ACTTIN wiied b Tk Dlarmed Plussddeting al Claleitie Scaks E.N.Saridakis _ Lisbon, June 202:



HO tension

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

Constraimis on Hy

08— ¥ o T T }
i —— PR S AT - 1 g :‘% s 120 Early (snme ACOM)
| =
i ey o S
0.9 Bhoa . i
{ e S R - Y RGO S e o e
! et L0 Lmvsndy (nd rewwiean
) I, am .-:
: -1 0} .’x} B L:t-::ra
{ L - c‘:.x:-:m
! e THON ’:-t~ Fremnan S50
! Tl v i
! SEEs n'x‘.. .
11 - o i‘:::‘n'\
{ al - ﬁ‘ [ T
i - o | Yy~
: g
! ¢- h.vﬁ'”
= & | SV ST SO IO (OO [rem W \ _‘ ™ brrmg —-,-.‘—-::m'a
62 64 66 68 Y0 12 14 — ——al —— e e o
Hr (lmﬁ, Mm‘) ; 5—-' — e TN -
Vidon 36 U0 (AN jratt mti o o L= i “:,.._”
. L O 0%
[Riess et al, Astrophys.] 826] B s
: » : “'. Mot 1.
Current status Sie fr AT 5 2 o
Ha measured / Inferved using 33 Mauar —Sg—— e &
mmany technigues , i" - &
- S— - - e 3
1Y s B N SEER
| U S TRR— T e
_ | —— N > W
Curtent \emision M' e __..._f: i ey
samewbere between T e
e LS v Wy ey
o ‘ia | (X REL. = P . W  beacses
o &
—— — b
= 50 68 W & W 1
T —— ..‘..m._ Hy, [Rmz™ Mpe™'|
e S )

O R W [Abdalla et al, JHEAp (2022)] 18
E.N.Saridakis — Lisbon. June 202"



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 changesin ACDM in early or late time
behavior. 50 seems to be very serious!

Publication Year of the Estimate
2000 2004

= Change early or late Universe physics. Higher number of effective relativistic
species, dynamical dark energy, non-zero curvature, etc.

= The dataindicate a lack of “gravitational power”. Modified Gravity. 19
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Restoring cosmological concordance

Is LCDM Wrong? t
'rs recom C t 1 troday 1
05 = rsoc/ dt 5() DAoc-——/ dt——
DA 0 p(t) HO Lrecom p(t)
0.04% precision

How do we increase H(0?

Decrease sound horizon (r;) Increase integral in angular
diameter distance (Dy)

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

= [ension 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
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Model Dependence: Distance to

|
| galaxies is not measured directly, so a
cosmological model is assumed in
order to infer distances (ACDM with
different parameters).
=
= Double counting: Some data points

LN, BT 0y

marteih correspond to the same sample of
ki galaxies analyzed by different
groups/methods etc.

NALl mETA =y

e 1A

§TLAAL, M 08 RETH)

[T
LA oLHi
§oo1 (i Vil

i, 8 Ok, 0 =%

A, L

LT
a0, L)
1.0, 1R, SRR N
CEIRTE T

[Kazantzidis, Perivolaropoulos, PRD97] -

E.N.Saridakis — Lisbon. June 202"



Tenson2 — fog

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

If not systematics, the data less matter clusteringin structures at
intermediate-small cosmological scales (expressed as smaller @m at z<0.6,
or smaller 08, 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.

23
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Possible Solutions of HO and S8 tensions

tension < lg “Excellent models”

tension < 20 “Good models™

tension < 30 “Promaising 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, 657, 661-663]
Self-interacting sterile neutrinos [711]
Generalized Chaplygin gas model [T44]
Galileon gravity [876,882]

Power Law Inflation [966]

f(T) [318]

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, 670]
Critically Emergent Dark Energy [997)
f(T) 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 [T00,701]
IDE [656]

Unified Cosmologies [T47]
Scalar-tensor gravity [856]
Modified recombination [986]
Super ACDM [1007]

Coupled Dark Energy [650] —

Early Dark Energy [228, 235, 240, 250]
Exponential Acoustic Dark Energy [259]
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]
Neutrino-Majoron Interactions [509]
IDE [637, 639,657, 661]

DM - Photon Coupling [685]

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 [996]
Lorentzian Quintessential Inflation [979]
Holographic 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 [309]
Running vacuum model [332]

Bulk viscous models [340, 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 [686]
Self-interacting sterile neutrinos [711]
f(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 [289] |
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]
Seli-Interacting Neutrinos [700)]
Dark Neutrino Interactions [716]
IDE [634-636,653, 656, 663, 669]
Scalar-tensor gravity [855,856]
Galileon gravity [877,881]
Nonlocal gravity [886]

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

Axi-Higgs [991]

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




Possible Solutions of HO and S8 tensions

O T i 2 : Specific Selutions Assuming FLEW
Early-Time Alternative Proposed Models L Aetive s Sterils Eeitoinog

1. Axion Monodromy Cannibal Diark Makter
2- EHTI}" ]:'H-l'k EII[‘.[’L’:‘F T]u---m-h_.p, Diark Mautter
3. Extra Relativistic Degrecs of Freedom Hymaycal ark: pial e
4 Madified Re bination History Extended Poaromseter Spoces Invalving Ay,
i : e 5 R Costnologioal Beepario with Featires in the Primordial Powser Spectimnms
B. New Early Dark Energy Interacting Dark Magter
Late-T ime Altermadive IJJ_'U'I_‘;WM Models Chaantum Linedscape Muoltivierse
1. Bulk Viscous AModels Quantum Fisher Cosmology
) . . L LariesEen e
2 E_,_hmne:hllpm'l Diark Fn 8 i Scaling Symmetty and a Mirror Secton
3. Clustering Dark Enerpy
4. Diffusion Models

Sell-lnteracting Neutrnos
7. Dvnamical Dark Energy

e L

=

. Sell-Interacting Stesile MNeutrings
. Soft Cosmology
15, Two-Body Decaving Cold Dark Matter into Dark Badistion and Warm Dark Matter

e el
e Ll BD

6. Emergent Dark Energy

7. Graduated Dark Energy - AdS to dS Transition o the Late Universe
#, Holographic Dark Energy

9. Interacting Dark Energy
10, Quintessence Models and their Various Extensions

11, Bunmng Vacuum Models
12, Time-Varying Gravitational Constant
13, Vacoum Metamorphosis

Modified Gravity Models
1. Effective Field Theory Approach to Dark Energy and Modified Gravity
2. fiT) Gravity
a. Homdesk: Theory
4, Cmantum Conformal Anomaly Effective Theory and Dynamical Vacium Energy
A, Ultra-Late Time Gravitational Transitions

Beyond the FLEW Framework
1, Cosmological Fitting and Averaging Problems
2. Data Analysis in an Universe with Stmcture: Accountmg for Regional Inhomogeneity and
Anlzatropy

4, Loeal Void Scenario E N Saridakis — Lishon. June 202°



arXiv:2203.06142v3 |astro-ph.CO| 24 Apr 2022
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Cosmology Indertwined:
A Review of the Particle Physics. Astrophysics, and Cosmaology
Associnted with the Commnobogical Tensions and Anomalies
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[Abdalla et al, JHEAp (2022)]
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10 commandments for Hubble hunters

©Q | am Hy = 74 thy Goal

Thou shalt not fail to fit key data
(BAO, SNela, polarization)...

...or include a local Hp prior in vain

Remember to not just blow up the
uncertainty on Hp...

...honour its central value, and keep
an eye on your Ax?/Bayesian evidence

Thou shalt not murder 05/5s...

...but aim to solve this and other
tensions/puzzles at the same time

© 06 6 060 o

Thy solution shall come from a
compelling particle/gravity model...

© ...which makes verifiable predictions...

@ ...which later better be verified!

Credits: Gustave Doré
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Efficient mode 1ndependent 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 mode 1ndependent requirements
to solve the tensions

¢ 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

8+ 2Hé = 4xGagrpmd | (1)

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

e Solving for d(a) provides the observable quantity fog(a),
following the definitions f(a) = dInd(a)/d Ina and
o(a) = ogd(1)/é(a = 1). Hence, alleviation of the og
tension may be obtained if G, becomes smaller than Gy
during the growth of matter perturbations and/or if the
“friction” term in (1) increases.
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Efficient modea independent requirements
to solve the tensions

We consider a correction in the first Friedmann equation of the
form
d(z)

H(z) = — =t \/di—(;} + H2opm(2) . (2)

where Hacom(2) = Hov/Q2m(1 + 2)2 + Q4 is the Hubble rate in
ACDM, with Q. = pm/(3M3H?) the matter density parameter
and primes denote derivatives with respect to z.

e Ifd = 0andis suitably chosen, one can have
H(z — zcme) = Hacom(Z — Zemi ) but
H(z — 0) = Hacpm(z — 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 o5 tension is

also solved.
E.N.Saridakis — Lisbon. June 202"



General Relativity

Assumptions and Considerations

16nGj(’\/@2A]+jd X‘

= 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
= Locality

invariance

31
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Standard Model vs General Relativity Lagrangians
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Modified Gravity
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“Those that do not know geometry are not allowed to enter”.
Front Door of Plato’s Academy
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Teleparallel Equivalent of General Relativity (TEGR)

In torsional formulation we use the vierbeins fields e (x*') as
dynamical variables, which at a manifold point x* form an
orthonormal basis (e - eg = nag with
TIAB = diag(L -1, -1, —1))
In a coordinate basis they read as e = €,d, and the metric is
given by

G (X) = nag /1(x) &5 (x).

with Greek and Latin indices used for the coordinate and
tangent space respectively.

[Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]
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Teleparallel Equivalent of General Relativity (TEGR)

e Concerning the connection one introduces the

A
w

Weitzenbock one, namely I',, = ex d,e?, and thus the
corresponding torsion tensor becomes

Wi wik
T, =T, -, =e\(d.¢e —a.e).

prr — Vo i T

@ The torsion tensor contains all information of the
gravitational field, and its contraction provides the torsion
scalar

T = 1 Tonv 1 TP T T PTVH
=12 ppv 5 vpp — Top 170
which forms the Lagrangian of teleparallel gravity (in
similar lines to the fact that the Ricci scalar forms the
Lagrangian of general relativity).

[Cal, Capozziello, DelLaurentis, Saridakis, Rept.Prog.Phys. 79] E N Saridalkic — Lichon. Tune 203°



f(T) Gravity and f(T) Cosmology

e One can use TEGR as the starting point of gravitational
modifications. The simplest direction is to generalize T to a
function T + f(T) in the action:

8=

1eﬂc3 fd‘*xe[nf( Thitsdionl s

e Hence, we extract the Friedmann equations for f( T)
cosmology as

871G fTf

H? — g (pm+ pr) — 5 - 3T
H— _4TTG(me‘|‘ Pm -I-.J’Jr—FPr)
- 1+f]r'—|—2TfTT ’

[Cal, Capozziello, DeLaurentis, Saridakis, Rept.Prog.Phys. 79]
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Solving HO and S8 tensions in f(T) Gravity

e We consider the following ansatz:
A(T) = —[T +8HG(1 — Qo) + F(T)) 9)

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

F'(2)
1'(z)
e In order to solve the Hy tension, we need
T(0) = 6HZ ~ 6(HEC)?, with H{C = 74.03 kms~! Mpc~!,
while in the early era of z = 1100 we require the Universe
expansion to evolve as in ACDM, namely
H{E ;:"_‘ 1100} o Hﬁggm{z E‘: 1'1':10}
This implies F(Z)|;>1100 =~ ¢T"/?(z) (the value c = 0
corresponds to standard GR, while for ¢ # 0 we obtain
ACDM too).

T(z)+2 T(2) — F(2) = 6Hopu(2) - (10)

[S-FYan, P. Zhang, J_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

The effective gravitational coupling is given by

_ Gw
Geﬁ_1_+_FT. (11)
Therefore, the perturbation equation becomes
' 2
g {T( 2l }5* _ Qo1 +2) (12)
T(z) 1+z [1+ F'(2)/T'(2)]T(2)

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

8'(2)| 221100 ° —mé( ), while at late times we look for 4(z) that
leads to an fa::ra in agreement with redshift survey observations.

[S-FYan, P. Zhang, J_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 Hy and og tensions.

al

= il

Log, (FiaH7 82,

1 5

o
-
i
-]

=

T/6Hs

ror BT

1504 |-

1406

SR A

e A 1

—1.65
Model-1: F(T) ~ 375.47( ;L )

~1.65 )
Model-2: F(T)~ 375.47(5fz) ~ +25T"/2,

[S-FYan, P. Zhang, J_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

—- - I
B @ Euclid forecast :
T 055 [ - - |
70l | | | ; ® 50851 I
. [ ———————— ] 0.50 F ® SDSS-IV H
o L 1
P%\? 045[ —— Modai-1 g
__‘i_: G0 { —_— Modal-2 H
= 0.40 |
% === ACDM |
X sof_ 0.35 o 3
® HsT - _ _ 1
[| = Models-18 -2 ]
40: - ACDM 0.25 ! | 1
| i i M | I i PR R R A | i i M A A | ] 0_2 RS R 1 i
0.001 o010 0.100 1 90 25 30
Purnmeter LC0AD - DALP CHIH 3+ BAL & Hy ...; o
T 3 X 4 A 093 -
0w 223575005 223675015 2
s n.113:_-:i"{m;i,"t[ Q.11giom e ' ?
1 THW, 1.4l :::: |.: 1M1 l‘:::m"' o | 0,480 - r . . B
In 1004, a0t 1087 1 b | ;
0. 04T =0 il '3|‘=:-11'_“'Iﬁ - , f - o7k ]
. i1y “Hﬁp 0075 'P‘ﬂi | D 11 == ] 0
n n.cu.u.‘r";?'.':*]i.-’-' 00054 0 ‘ ' o.u4 | 1
log o 10,00 I-..II'I!':'il ll.'l.-IE;fé]' = . (1 ¥y |
Qe |:.'.':°|*_‘,?;=_;,, 0. 73g O 0Is o3l , S ) | o081l |
Hi 124+t =R | v
oy (LAss DT} {86621 “l [} ~ , : : .
. - e R mi e 6B 72 76 B0
Yo r3 G430, 48 6432.27 ,

[S-FYan, 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]
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Viablef(T) modds
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In f(T) gravity we can indeed obtain G.g/Gy <1 for z<2, without
affecting the background evolution.

fo8 tension may be alleviated.

[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.g.:

= /d4$ vV —4 (%f(ﬁ., d;' X) -+ f«ﬂl) X = —g" 0uplg

2 i
1 fx+4 (f;fﬁ—szR + p"”)
G@ﬁ({‘l. RJ/G\; f— F — 7
f._X + 3 (f?:fﬂl_g FR + Flij) F .= FlR,¢. X) = @gf(R, ¢, X)

s Geg/Gy >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.
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Solving HO and S8 tensions in f(T) Gravity

e We conclude that the class of f( T) gravity:
f(T)=—T—2A/M2 + aTF, where only two out of the
three parameters A, a, and 3 are independent (the third
one is eliminated using €2,¢), can alleviate both H; and ag
tensions with suitable parameter choices.

e Such kinds of models in f(T) gravity could also be

examined through galaxy-galaxy lensing effects . chen. w. Luo,
YF. Cai and E.N. Saridakis, Phys.Rev.D 102 (2020) 10, 104044], Strong lensing effects

around black holes (s vanet al, PhysRevRes 2 2020 2, 023184 and
gravitational wave experiments (vr ca. ¢ L, EN. Saridakis and L. Xue, Phys.

Rev. D 97, no. 10, 103513 (2018)].
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Conclusions

i) Astrophysics and Cosmology have become precision sciences.

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

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

iv) We can modify the Universe content, the interactions, or/and the
gravitational theory.

E.Di Valentino, E. N. Saridakis, A. Riess, = Nature Astronomy (2022) 2211.05248 [astro-ph.CO% N Sari dakis—Lisbcf:lSJune 507"
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