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GR is the only consistent Lorentz invariant theory of a massless spin 2 field at low energies  

If we want to modify the phenomenology at large distances 
there must be extra light degrees of freedom
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Test deviations from General Relativity
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Assume the light degrees of freedom: graviton + a scalar field 3 DOF



EFT in Cosmology
“Cosmology is nothing but gravity at play with condensed matter” 

On cosmological scales, FRW universes are characterized by a “medium” that  
gives a homogeneous and isotropic stress energy tensor.  

This medium, at variance with a CC, breaks spontaneously Lorentz invariance 

The simplest example: in single field Inflation a scalar with a time-dependent 
expectation value breaks time translations and Lorentz boosts to ISO(3) 
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“covariant” EFT  
(trivial background)

EFT for perturbations around  
the interesting solution 
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Resum the contribution of many operators if non-linearities are large
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Choose a foliation of spacetime (unitary gauge) such that 

Choose a background solution 

Construct an EFT for perturbations  

Use 3+1 ADM decomposition for the metric variables 

Write  down in a derivative expansions all the operators that are invariant under the 
residual symmetries (spatial diffs) 

Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore ‘07
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Abbott et al. ‘17
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Quadratic action of gravity in FRW

Can we study it in some other background?



Perturbations around Black Holes

Inspiral Merger Ringdown

Ligo & Virgo ‘17
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Classified accordingly to the behavior under parity 

Axial (odd) perturbations 

Polar (even) perturbations 

Regge Wheeler ’57 

Zerilli ’70 

Schwarzschild: static, spherically symmetric background 
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The linearized equations of motion are modified in extended theories of gravity 
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EFT for perturbations around BH

The linearized equations of motion are modified in extended theories of gravity 

Construct the EFT around static and spherically symmetric backgrounds 
up to quadratic order in perturbations

to appear…

QNM spectrum 



Conclusions

Dramatic improvement in our understanding of dark energy/modified gravity 

Gravitational waves observation allows to study  
the quadratic action of gravity around non-trivial backgrounds (FRW, BH) 
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Relaxing the CC
Alberte, Creminelli, Khmelnitsky, Pirtskhalava, ET ’17

Tµ⌫n
µn⌫ � 0

Null Energy  
Condition

Ḣ = �4⇡G(⇢+ p)

⇢+ p � 0

⇢̇ = �3H(⇢+ p)
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