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 ΛCDM Cosmological model:

the existence and structure of the cosmic 
microwave background

the large-scale structure in the distribution of 
galaxies

the abundances of hydrogen (including 
deuterium), helium, and lithium

the accelerating expansion of the universe 
from distant galaxies and supernovae
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The model assumes general relativity as the 
correct theory of gravity on cosmological scales!
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-The cosmological constant 
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-The Hubble tension
-The growth rate tension between CMB 
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Interacting dark energy, massive neutrinos
Dark Matter-neutrino interactions, etc...



Prog. Phys. 81 (2018) 0169011



Prog. Phys. 81 (2018) 0169011

...but what is the physical mechanism behind the 
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LOVELOCK’S THEOREM: if we try to create any 
gravitational theory in a 4D Riemannian 
space from an action principle involving the 
metric tensor and its derivatives only, then 
the only field equations that are second 
order (or less) are Einstein’s equations 
and/or a cosmological constant.
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Berti et al. Class. Quantum Grav. 32, 243001 (2015)



Generalized Proca 

Generalized SU(2) Proca 



Quintessence:



Quintessence:

the mass is unstable 
against radiative
corrections!

Phys. Rev. D 102, 104045 (2020)



Self-accelerating solutions





Berti et al. Class. Quantum Grav. 32, 243001 (2015)







We can parameterize our ignorance as an EFT



HORNDESKI’S THEORY:

Self-accelerating Galileon models!

Horndeski, Int. J. Theor. Phys. 10, 363 
(1974).
Kobayashi et al. Prog. Theor. Phys. 126, 
511 (2011)
Deffayet et al.  Phys. Rev. D 80, 064015 
(2009).
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the study of classical and quantum fluctuations 
about classical solutions. 

LAPLACIAN 
INSTABILITIES negative 
squared propagation speed 
for high enough frequencies

STRONG COUPLING: 
-quantum fluctuations on a classical solution 
becomes strongly coupled at an unacceptably low 
scale 
-Classical solution itself is meaningless at distances 
below 1/Λ (loss of predictivity). 

GHOST: describe physical 
excitations with a wrong 
sign in the kinetic energy.
ghost will generate 
instabilities if it couples to 
other, more conventional, 
fields since its energy is 
unbounded from
below.

Theoretical considerations are a very powerful tool in testing new models:

-Do the classical 
fluctuations propagate 
super-luminally? 

-Can we excite a ghost? 

-Do the quantum fluctuations become strongly 
coupled at some unacceptably low energy scale?

 



building up a ghost-free 
theory demands a 
positive-definite kinetic 
matrix. 

building up a 
Laplacian-free theory 
demands a positive  
propagation speed 
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Second order action:

 Coupled oscillator:



Ghostfree conditions :



Ghostfree conditions :



Ghostfree conditions : Gradient-instability free conditions:
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Exorcise: isolate it, make it 
heavy so much so that its 
mass exceeds the cut-off 
for the effective theory 
describing the relevant 
fluctuations



Exorcise: isolate it, make it 
heavy so much so that its 
mass exceeds the cut-off 
for the effective theory 
describing the relevant 
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the safest way to deal 
with a ghost is to 
dismiss those 
unphysical solutions of 
a theory upon which 
the ghost can fluctuate



Probing Dark Energy with GWs:

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)



Ezquiaga et al. Front. Astron. Space Sci. 5:44 (2018)



within the set of theories passing present tests, what interesting 
phenomenology is still possible?

This result leaves us with two ways to construct 
gravity theories with GWs moving at the speed 
of light: 1) start with a luminal theory and apply 
a conformal transformation, D = 0, or 2) 
compensate the anomalous speed with a 
disformal factor.

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)
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This particular cancellation holds 
over general background!

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)



De Rham et al. Phys. Rev. Lett. 121, 221101 (2018)

The EFT can safely describe 
cosmology from today H0 to before 
recombination Hrec, but may receive 
order one corrections in the LIGO 
band.

Gravitational Rainbows:
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