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Three Themes on Dark Energy 
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The Universe is accelerating!

Why?!



The three themes:

• Dark energy and modified gravity: a more systematic approach…?


• The EFT of dark energy (at work!)


• Modified gravity effects that pierce the screen
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Classifying Condensed Matter

+ internal `Q’ symmetries
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rotations

Ki
boosts

Full Symmetry group: Poincaré

Nicolis, Penco, F.P., Rattazzi, 2015



Classifying Condensed Matter
Nicolis, Penco, F.P., Rattazzi, 2015
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:

H̄ = H � µQ
P̄ i = P i

J̄ i = J i

internal symmetry: U(1)

Superfluid 1 Goldstone

h�(x)i = µt

Ex:



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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Where could the EFT ‘mantra’ be wrong? 

Quantum gravity: not necessarily confined to the UV
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Entanglement defines (and generalizes) spacetime

In cosmology these effects are expected to be small
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EFT of DE

+ a scalar field �



• Most general description of 1 scalar degree of freedom added to GR


• Matter universally coupled (Weak equivalence principle)


• Cosmological perturbations as the relevant objects of the theory


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


• Good parameter space to constrain with data (see Planck 2015)

The effective field theory (EFT) of dark energy

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


F. P., Marinoni, Steigerwald `13



The Effective Field Theory of Inflation

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

Unitary gauge in Cosmology (technical detour)

⇥(t, ⇤x) ! ⇥0(t) (�⇥ = 0) �1

2
⇥�2 ! �1

2
�̇2
0(t) g

00

(Creminelli et al. `06, Cheung et al. `07)

�3

�2

�1



The Action

S =

Z
d4x

⇥
�g

M2(t)

2

⇥
R � 2⇤(t) � 2C(t)g00

+ µ2
2(t)(�g

00)2 � µ3(t) �K�g00 + ⇥4(t)

✓
�Kµ

� �K
�
µ � �K2 +

R(3) �g00

2

◆
+ . . .

�

Gleyzes, Langlois, F.P., Vernizzi `13




The Action

S =

Z
d4x

⇥
�g

M2(t)

2

⇥
R � 2⇤(t) � 2C(t)g00

+ µ2
2(t)(�g

00)2 � µ3(t) �K�g00 + ⇥4(t)

✓
�Kµ

� �K
�
µ � �K2 +

R(3) �g00

2

◆
+ . . .

�

Background (expansion history)

Gleyzes, Langlois, F.P., Vernizzi `13




The Action

S =

Z
d4x

⇥
�g

M2(t)

2

⇥
R � 2⇤(t) � 2C(t)g00

+ µ2
2(t)(�g

00)2 � µ3(t) �K�g00 + ⇥4(t)

✓
�Kµ

� �K
�
µ � �K2 +

R(3) �g00

2

◆
+ . . .

�

Background (expansion history)

only affect perturbations

Gleyzes, Langlois, F.P., Vernizzi `13




Expansion History

Complete background separation
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w̄(t)
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{
}

Expansion History

Growth rate, lensing etc.

Unconstrained

�(t), C(t), µ(t) � d lnM2(t)

dt

Alternatively

↵K(t),↵M (t),↵B(t),↵T (t)

Bellini, Sawicki ’14

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

Gleyzes, Langlois, Vernizzi `14



The space of modified gravity
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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


H2 =
1

3M2(t)
[⇢m(t) + ⇢DE(t)]

µ ⌘ d logM2

dt



“Galilean Cosmology” (Chow and Khoury,  2009)

Galileon 3/ Horndeski 3

The μ3 direction



“Generalized Galileons” (≡ Horndeski) (Deffayet et al.,  2011)
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Beyond Horndeski 
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Gleyzes, Langlois, F.P., Vernizzi, 1304.4840


The space of modified gravity
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Newtonian gauge: scalar d.o.f.: �, , ⇡

L = (✏̇4 +H✏4)~r ~r⇡

but also: speed of gravitational waves!

c2T =
1

1 + ✏4



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

�k2

a2
� = 4⇡Ge↵ [µ, µ3, ✏4](t) ⇢m�m

 

�
= �[µ, µ3, ✏4](t)

`Observables’ in the perturbation sector:
effective Newton constant and gravitational slip parameter



The space of theories: not so smooth…
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Perenon, F.P., Marinoni, Hui ’15

Salvatelli, F.P., Marinoni, ‘16

Basic requirement

Option 1:

Option 2: & c2T < 1

& c2s < 1

Stability requirements make a strong selection



Growth rate

⌦m

L. Perenon, F.P., C. Marinoni, L. Hui, ‘15



Growth rate (early DE)

⌦m

L. Perenon, F.P., C. Marinoni, L. Hui, to appear



Fitting Planck 2015 CMB data
V. Salvatelli, F.P., C. Marinoni, 2016

µ µ3 ✏4

Viability conditions play an important role in determining the posteriors




Fitting Planck 2015 CMB dataPlanck Collaboration: Planck 2015 results. XIV. Dark energy and modified gravity
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Fig. 14. 68 % and 95 % contour plots for the two parameters {µ0 � 1, ⌘0 � 1} obtained by evaluating Eqs. (46) and (47) at the present
time when no scale dependence is considered (see Sect. 5.2.2). We consider both the DE-related (left panel) and time-related
evolution cases (right panel). Results are shown for the scale-independent case (c1 = c2 = 1). In the labels, Planck stands for Planck
TT+lowP.

Fig. 16. Redshift dependence of the function 2[µ(z, k)�1]+ [⌘(z, k)�1], defined in Eqs. (46,47), which corresponds to the maximum
degeneracy line identified within the 2 dimensional posterior distributions. This combination shows the strongest allowed tension
with ⇤CDM. The left panel refers to the DE-related case while the right panel refers to the time-related evolution (see Sect. 5.2.2).
In both panels, no scale dependence is considered. The coloured areas show the regions containing 68 % and 95 % of the models. In
the labels, Planck stands for Planck TT+lowP.

ing for scale dependence, the tension with ⇤CDM is washed out
by the weakening of the constraints and the goodness of fit does
not improve with respect to the scale independent case.

5.3. Further examples of particular models

Quite generally, DE and MG theories deal with at least one extra
degree of freedom that can usually be associated with a scalar
field. For ‘standard’ DE theories the scalar field couples mini-
mally to gravity, while in MG theories the field can be seen as the
mediator of a fifth force in addition to standard interactions. This
happens in scalar-tensor theories (including f (R) cosmologies),
massive gravity, and all coupled DE models, both when matter
is involved or when neutrino evolution is a↵ected. Interactions

and fifth forces are therefore a common characteristic of many
proposed models, the di↵erence being whether the interaction is
universal (i.e., a↵ecting all species with the same coupling, as in
scalar-tensor theories) or is di↵erent for each species (as in cou-
pled DE, Wetterich 1995b; Amendola 2000 or growing neutrino
models, Fardon et al. 2004; Amendola et al. 2008a). In the fol-
lowing we will test well known examples of particular models
within all these classes.

5.3.1. Minimally coupled DE: sound speed and k-essence

In minimally coupled quintessence models, the sound speed
is c2

s = 1 and DE does not contribute significantly to clus-
tering. However, in so-called “k-essence” models, the kinetic

21

Planck 2015


V. Salvatelli, F.P., C. Marinoni, 2016

Ad-hoc parameterizations of        do not correspond to actual stable theories…
Ge↵
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CMB data alone do not show any preference for modified gravity




Protecting solar system gravity with screening
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On cosmic scale the scalar contributes O(1)


We need screening!




Vainshtein screening
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Vainshtein: non-linear effects suppress the scalar contribution 
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Vainshtein: non-linear effects suppress the scalar contribution 


However: there can be modifications in the pure-graviton sector.

This are, generally, unscreanable! 


Vainshtein screening

Beltran, F.P., Velten, 2015

Babichev, Deffayet, Esposito-Farese 2012



See also Blas, Sanctuary 2011

Gravitational wave speed 
(as in heaven as on hearth)

J. Beltran, F.P., H. Velten, 2015
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Gravitational wave speed 
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A question of timing…



The condition MG’s condition is in…

ĠN

GN
< 0.02H0 (Lunar Laser Ranging)

self-acceleration

H2 =
1

3M2(t)
[⇢m(t) + ⇢DE(t)]

GN ⇠ 1

8⇡M2(t0)[1 + ✏4(t0)]2



Final remarks

• EFT of DE powerful unifying framework


• Loads of new data from future Galaxy surveys


• Lot of data-fitting work ahead of us

⇤CD
MTension persisting and 


eased by MG


Either or…


