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The Universe accelerates: why?



Maybe a landscape of Universes? 



The acceleration of the Universe could also  be due to many mundane causes:

A calculable cosmological constant and/or vacuum energy

The cosmological dynamics of fields (new matter) 

A modification of General Relativity (GR)

Or not?





Thawing Freezing



A Simple Example: Pseudo-Goldstone Models

Global U(1) symmetry broken at scale f:

Symmetry broken by small term:

Low energy potential: 

Cosmologically, if initially the field is small compared to f, it is frozen there until its mass becomes larger than the Hubble 
rate. Tuning this event to be in the recent past of the Universe and requiring that the dark energy is due to the low energy 
potential implies: 



A major drawback of these models is that the phase transition must be at the Planck scale, this requires 
embedding ǘƘƛǎ ƳƻŘŜƭ ƛƴ ǘƘŜƻǊƛŜǎ ŘŜŀƭƛƴƎ ǿƛǘƘ ǉǳŀƴǘǳƳ ƎǊŀǾƛǘȅΧ ƳŀȅōŜ ŜƳōŜŘŘƛƴƎ ƛǘ ƛƴ ǎǘǊƛƴƎ ǘƘŜƻǊȅ 
ŀƭǘƘƻǳƎƘ ƴƻ Ǝƭƻōŀƭ ǎȅƳƳŜǘǊƛŜǎ ǘƘŜǊŜΧ

On the other hand, this model is useful to see that low energy dark energy fields couple to matter:

The derivative interaction implies no effect on static tests of gravity vs fifth forces. This an example of a 
disformalcoupling to matter. 

This is one example of coupling to matter, we will also consider conformal couplings which are 
tightly constrained. 



Modified gravity 



Massive Gravity

The simplestmodification ismassive gravity(Pauli-Fierz):

Pauli-Fierzgravityisghostfree (negativekineticenergyterms) . Unfortunately, a massive graviton carries 5 
polarisations whena masslessone has only two polarisations. In the presenceof matter, the graviton wave
function takesthe form:

The masslesslimit doesnot giveGR! (van Dam-Velman-Zakharov discontinuity). The extra polarizationis lethal. 
Solvedby Vainshteinmechanism(non-linearity).

Ghost in curved space-time!

Mass term for a graviton



BimetricGravity

One way to cure these problems is to consider a non-linear version of massive gravity with two dynamical 
metric: 

where the graviton mass is of order:  



Whatwe have learnt in the last ten yearsis that suchextensions involvelight scalarfields, why?:

Massive gravitons have a scalarpart 

Theirinteraction with matter generatesfifth forces whichwouldhave been seenin the laboratoryand 
the solarsystem. 

5 = 2+ 2 + 1



GRAVITY ACTS ON ALL SCALES

Looking for extensions of General Relativity valid from small to large scales.  

In general, thesetheoriesrequirea fine-tuningof the cosmologicalconstant but have unexpectedfield theoreticpropertieswhichgo 
beyondthe usualframeworkof field theory: irrelevantoperatorsdominate, UV completionsmaynot be required(classicalisationύΧ ¢ƘŜ 
mostgeneralform of thesetheoriesisknownin somecases (Horndeskifor one scalar) but one must  go into the detailsof the modelsto 
makethem work from the solarsystem (or the laboratory) to large cosmologicalscales.



¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ƛǎ ŘǊŀǎǘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ άŜŦŦŜŎǘƛǾŜ ŘŀǊƪ ŜƴŜǊƎȅ ŦƛŜƭŘ ǘƘŜƻǊȅέ 
method as we are motivated by the compatibility between the local gravitational 
observations and the physics on the largest cosmological scales:

not just parameterising all the possible extensions of  ɽ-CDM  at the linear level. 



DeviationsfrombŜǿǘƻƴΩǎlaw are parametrisedby:

For large range forces with large ˂ , the tightest constrainton 
the coupling c̡omes from the Cassini probe measuring  the 
Shapiro  effect (time delay): Bertotti et al. (2004)

ʲ ʲ



A B

VIOLATION OF THE STRONG EQUIVALENCE PRINCIPLE

C

Tight bound on the perihelion advance of the moon too (see later)

Lunar ranging 
experiment



How do we hide light scalarfields?



SCREENING



The effect of the environment

When conformallycoupled to matter, scalar fields  have  a matter dependent effective potential

Environment 
dependent 
minimum

The field generated from deep inside is Yukawa 
suppressed. Only a thin shell radiates outside the 
body. Hence suppressed scalar contribution to the 
fifth force.Chameleon



f(R) is  totally equivalent to a field theorywith gravityand  a scalar

The potential V is directly related to f(R) Crucial coupling between 
matter and the scalar field

One example: f(R) gravity

Would be ruled out if no chameleon effect 



Dilaton

Damour-Polyakovmechanism



Another simple example: the CUBIC GALILEON

Well inside the Vainshteinradius, Newtonian gravity 
is restored. Well outside gravity is modified. 

The Vainshteinradius is very large for stars, typically 
0.1 kpcfor the sun, and a mass for the graviton of the 
order of the Hubble rate .

m graviton mass



K-mouflagemodels

M is the dark energy scale for cosmologically interesting models. Examples that one may consider:  

tŀǊǘƛŎƭŜǎ ƘŀǾŜ ƳƻŘƛŦƛŜŘ ǘǊŀƧŜŎǘƻǊƛŜǎ ŎƻƳǇŀǊŜŘ ǘƻ bŜǿǘƻƴΩǎ ƭŀǿ ƛƴ ǘƘƛǎ ōŀŎƪƎǊƻǳƴŘΥ

Screening happens inside the K-mouflageǊŀŘƛǳǎ ǿƘŜǊŜ YΩҔҔмΦ {ǘƛƭƭ ǘƘŜ ǘƛƴȅ ŘŜǾƛŀǘƛƻƴǎ depend on r 
and can lead to an anomalous perihelion in the earth-moon system. 



In fact, arounda background configuration and in the presenceof matter, the Lagrangianof such
extensions canbe linearisedand the main screening mechanismscanbe schematicallydistinguished:

The Vainshteinmechanism reduces the coupling by increasing Z. The K-mouflagemechanismhas the 
sameeffectΧ while the Damour-Polyakovmechanismsuppresses̡ and the chameleonproperty 
increases m. 



The Vainshteinand K-mouflagemechanisms can be easily analysed: 

Effective Newtonian potential:

For theories with second order equations of motion:

Vainshtein
K-mouflage

Cosmological choice



Vainshtein

Newtonian gravity retrieved when the curvature is large enough:

On large cosmological scales, this tells us that overdensitiessuch as galaxy clusters are screened :

On small scales (solar system, galaxies) screening only occurs within the Vainshteinradius:



K-mouflage

Newtonian gravity retrieved when the gravitational acceleration  is large enough:

On large cosmological scales, this tells us that overdensitiessuch as galaxy clusters are not screened :

On small scales (solar system, galaxies) screening only occurs within the K-mouflageradius:

Dwarf galaxies are not screened.



The screening criterion for an object BLUE embedded in a larger region RED expresses the fact that the Newtonian 
potential of an object must be larger than the variation of the field:

Scalar charge:

bŜǿǘƻƴΩǎ ǇƻǘŜƴǘƛŀƭ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ 

Self screening: large Newton potential

Blanket screening: due to the environment G

Chameleons:



Summary:  the motion of massive objects in modified gravity theories:
Trajectories due to 
gravity + scalar

Unlike chameleons et al., K-mouflageand Vainshteindo not affect the charge Q: 

outside the Vainshtein-
Kmouflageradius

Outside the Vainshtein-
Kmouflageradius, the 
object feels the scalar 
force

Chameleons: 



One can also change the type of coupling to matter!



Matter couples to a metric which can differ from the Einstein metric involved in the Einstein-Hilbert 
term with a constant Newton constant:

Bekenstein(1992) showed that causality and the weak equivalence principle restricts the form of the 
auxiliary metric:

What is the physics associated with the disformalcoupling B(˒ ,X) ?



Expanding the effect of the disformalcoupling to leading order, we obtain a direct coupling  with the 
energy-momentum tensor:

Gravity tests involving static objects are not affected by the disformalcoupling: SCREENING



As the axions, the disformallycoupled scalars can have an effect at high density and high temperature inside 
the inferno at the core of stars. From the gentle burning of main sequence stars, to helium burning stars and 
then the explosion of supernovae, the processes involve higher energies (hence shorter distances) and 
electromagnetic  to strong interaction processes.



Scalars increase the burning rate provided they can escape the star itself. This can be hampered if the 
scalar have a mean free path due to their interactions with nucleons which is smaller than the size of the 
star. The mean free path is always large for the values of M compatible with the absence of too much 
burning inside a star. 



Bremsstrahlung is one of the most common processes in stars. Here two scalars can be emitted from 
one electron in the electric field of a nucleus. 

The strongest constraint comes from stars for which helium burns: 



Are there distinguishable features of the screening mechanisms?

At the background level?

At the perturbative level?

Examples: the Sandagetest +gravitational waves

Linear scales? Non-linear?



Chameleons in more detail:



All the chameleonand Damour-Polyakovmodelscanbe entirelycharacterisedby 2 densitydependent
functions. The non-linearpotential and couplingof the model canbe reconstructedusing:

tomography



The Milky Way must be screened

If no effects on the dynamics of satellite galaxies : 

This gives a bound depending on the mass and coupling

C

The environment C is the 
cosmological background if the 
local cluster is not screened. 

It is the local cluster if it is 

screened. 

Self screening Blanket screening


