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GR: the only consistent low energy theory for a 
massless spin 2 field 



Possibilities:

• General Relativity (            ) 

• General Relativity + stuff 

• Understanding (quantum) gravity better? 
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⇤CDM• General Relativity (            ) 

• General Relativity + stuff 

• Understanding (quantum) gravity better? 



• Inflation (indirect evidence: homogeneity, isotropy, primordial fluctuations)


• Dark Energy (supernovae, CMB, BAO etc.)

… and there is more than one Acceleration!

⇢ ⇠ (1016GeV)4
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Ingredients for cosmic acceleration

•     or a set of fields 

• Coherence (~ classical field configuration) 

• Symmetries: those of FRW 

• Poincaré invariant theories with                         
spontaneously broken boosts

⇤



Spontaneous Symmetry Breaking

Symmetry of the theory (of the Lagrangian)  
but not of the (ground) state 



Spontaneous Symmetry Breaking

• G -> H: one light field (Goldstone) for every broken generator 

• Broken symmetries: non linearly realized on Goldstones 

• Low energy dynamics strongly constrained 

• Formally: coset construction by Callan, Coleman, Wess and 
Zumino (CCWZ)
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Non linearly realized symmetries relate terms in the 
Lagrangian with a different number of fields
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Spontaneous Symmetry Breaking

• G -> H: one light field (Goldstone) for every broken generator 

• Broken symmetries: non linearly realized on Goldstones 

• Low energy dynamics strongly constrained 

• Formally: coset construction by Callan, Coleman, Wess and 
Zumino (CCWZ)
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Inflation

• Phase of quasi-exponential expansion = very “flat” potential 
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SSB at work: a cosmological scalar field

t
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Quintessential rolling scalar: P(X) L = P (@µ�@
µ�)

L ⌧ H
�1

m . H

SSB at work: a cosmological scalar field

� = t+ ⇡(x)

X = �1� 2⇡̇ � ⇡̇2 + (@i⇡)
2
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relation between speed of sound and cubic term 
boosts non-linearly realized



(More or less) robust features of scalar inflation

t

�(t, ~x)

•        and          conserved on large scales  


•     


•  


•   

⇠ �ij k ⌧ H

fNL / c�2
s

�� ⇠ H
2

M
2
P

�s ⇠
H

2

✏csM
2
P



What is a cosmological scalar field?

An order parameter for a specific symmetry breaking pattern!
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Minkowski space analysis:
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Unbroken combination
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Condensed matter equivalent:  He superfluid4

U(1) broken spontaneously and set at finite charge 

Existence and dynamics of the phonons (almost) completely determined by 
the symmetry breaking pattern
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Cosmology = C.M. at play with gravity!

• Boosts spontaneously broken


• Unbroken types of translations and rotations
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Classifying Condensed Matter
Nicolis, Penco, F.P., Rattazzi, 2015

Cosmology/modified gravityCondensed matter

superfluids
solids

framids

shift-symmetric scalar
solid inflation

Einstein aether
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Solids

KiP0PiLorentz generators: Ji

Internal symmetry: Qi Q̃i

Internal translations Internal rotations

P̄i = Pi +Qi J̄i = Ji + Q̃iUnbroken combinations

Order parameter: 3 scalar fields �i ! Rij�j + ci

h�ii = xi
Lagrangian (vs Eulerian) description of a solid:             are the coordinates 
of that volume element that is at     on the ground state

�i(t, ~x)
~x



(slow-) roll                    v.s.              Solid Inflation

•        and          conserved at 
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The Effective Field Theory of Inflation

Main idea: scalar degrees of freedom are `eaten’ by the metric. Ex:

Unitary gauge for superfluid-type models

⇥(t, ⇤x) ! ⇥0(t) (�⇥ = 0) �1

2
⇥�2 ! �1

2
�̇2
0(t) g

00

(Creminelli et al. `06, Cheung et al. `07)
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• Most general description of 1 scalar degree of freedom added to GR


• Cosmological perturbations as the relevant objects of the theory


• Background (0th order) and perturbation (linear and +) sectors 


• Good parameter space to constrain with data 

The effective field theory (EFT) of dark energy

Gubitosi, FP, Vernizzi `12
Gleyzes, Langlois, F.P., Vernizzi `13




The space of modified gravity
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Horndeski “GLPV” DHOST theories 

Gleyzes, Langlois, F.P., Vernizzi `14
 Langlois, Noui `15


Potentially well-behaved scalar tensor theories



Hard times for scalar tensor theories!

• Vainshtein screen ``pierced”     (Beltran, F.P., Velten, 2015)


• Speed of gravity = speed of light      (Creminelli, Vernizzi 2017)


• Coupling matter-gravitational waves = G



Vainshtein screening

gµ⇥

+
⇡

Vainshtein: non-linear effects suppress the scalar contribution 




Vainshtein screening: pierced

gµ⇥

+
⇡

Vainshtein: non-linear effects suppress the scalar contribution 


However: a timelike scalar gradient persists inside structures 

• (Beltran, F.P., Velten, 2015)



GW170817 = GRB170817

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0
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Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.

3
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Virgo, LIGO Scient. coll. 17; Virgo, Fermi-GBM, INTEGRAL, LIGO Scient. coll. 17   (courtesy of F. Vernizzi)



Consequence on Horndeski
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The fate of self-acceleration
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Hulse-Taylor
binary pulsars

Universal gravitational coupling
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Conclusions

• Pragmatic attitude towards cosmic accelerations  

• Cosmological perturbations <-> “Goldstones” 

• Scalar field difficulties + recent tensions = Maybe 
there is more out there! 



Main messages:

• New degrees of freedom (if it’s not    )  

• Universality classes through symmetry breaking patterns 

• Cosmological perturbations      Nambu-Goldstone modes 

Minkowski picture OK Coupling with gravity important
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Summary:

• Universality classes through symmetry breaking patterns 

• Cosmological perturbations  =  Nambu-Goldstone modes 

• Pondering the recent tensions 





Gaugid inflation            v.s.              Solid Inflation
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Endlich, Nicolis, Wang, 2012
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Same Universality class
but with gauged internal translations

F.P.,Pirtskhalava, Rattazzi, Simon, 2017
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Quintessence
k- essence 

etc.
(w 6= �1)Minimally coupled



The μ direction (Brans-Dicke, F(R) theories etc. )
µ ⌘ d logM2

dt



The μ direction (Brans-Dicke, F(R) theories etc. )

self-acceleration

‘normal’ negative pressure
Perenon, F.P., Marinoni, Hui, to appear
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3M2(t)
[⇢m(t) + ⇢DE(t)]
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“Galilean Cosmology” (Chow and Khoury,  2009)

Galileon 3/ Horndeski 3

The μ3 direction



“Generalized Galileons” (≡ Horndeski) (Deffayet et al.,  2011)
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L = (µ� µ3) ~r�~r⇡ + . . .

kinetic couplings metric-scalar

Newtonian gauge: scalar d.o.f.: �, , ⇡



Newtonian gauge: scalar d.o.f.: �, , ⇡

L = (✏̇4 +H✏4)~r ~r⇡



Newtonian gauge: scalar d.o.f.: �, , ⇡

L = (✏̇4 +H✏4)~r ~r⇡

but also: speed of gravitational waves!

c2T =
1

1 + ✏4



How to kill a large bunch of theories



Conclusions

• Pragmatic attitude towards cosmic accelerations  

• Cosmological perturbations <-> “Goldstones” 

• Universality classes of cosmology/condensed 
matter models according to Lorentz breaking 
pattern



Main messages:

• New degrees of freedom (if it’s not    )  

• Universality classes through symmetry breaking patterns 

• Cosmological perturbations      Nambu-Goldstone modes 

Minkowski picture OK Coupling with gravity important
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