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The expansion of the Universe is 

accelerating

"for the discovery of the 

accelerating expansion of 

the Universe through 

observations of distant 

supernovae"
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The Universe today

Cosmological 
constant? New scalar 

field?

Modification 
of gravity?
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The cosmological constant problem

The Einstein equations:

The energy density of the vacuum looks like a cosmological 

constant

Observed value: Expected value:
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What if the graviton is massive?

Degravitation: Gravity becomes weaker in the infra-red 

(low energies, large distance scales)

– Sources that extend over large distances would gravitate less 

than expected

– The cosmological constant could be as large as expected 

from field theory, but because it is correlated on large (infinite) 

distances, it would not gravitate

If the graviton has a mass then its effects are Yukawa 

suppressed on distances larger than the Compton 

wavelength
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Outline

Theories of massive gravity

– Including the connection to Galileons

The Vainshtein mechanism 

– And how to avoid the constraints of tests of gravity

Quantum Corrections

– The old story

– Why the coupling to matter causes problems for massive 

gravity
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It’s hard to give the graviton a mass

A massless graviton has two degrees of freedom

– In ADM variables, 12-D phase space + 4 first class 

constraints 

A massive graviton should have 5 degrees of freedom

– Required by the representations of the Poincaré group 

A mass term breaks the general coordinate invariance of 

GR

– No constraints in the ADM formalism, means 6 degrees of 

freedom

– One of these is a ghost
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Fierz-Pauli and the Boulware-Deser ghost

The Fierz-Pauli action

– Can show that this only propagates five degrees of freedom

– The h0i are no longer Lagrange multipliers, but h00 is because 

of the specific form of the potential

Extend this to GR

– Explicitly depends on a background reference metric
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Fierz-Pauli and the Boulware-Deser ghost

When you go beyond linear perturbation theory or to 

curved space-time, the extra constraint disappears

– We are left with six degrees of freedom

Possible to show that this extra 

degree of freedom is a ghost, 

with the wrong sign for the 

kinetic term
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dRGT Massive gravity

If we give GR a potential of the form

– Where

– In unitary gauge this represents fluctuations around flat 

space-time 

A massive graviton can be decomposed (in the massless 

limit) into 

– One helicity-two mode

– Two helicity-one modes

– One helicity-zero mode

(de Rham, Gabadadze 2010.  de Rham, Gabadadze, Tolley 2011)11



dRGT Massive gravity

We split the Stückelberg fields into the canonically 

normalized helicity-one and helicity-zero modes

– We can consistently ignore the vector mode as it does not get 

sourced at leading order

– Where .

For a generic potential there will be higher derivatives of 

the scalar field and ghost degrees of freedom
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dRGT Massive gravity

To avoid the ghost the potential has to be constructed with 

great care

– With:

In the decoupling limit 

– The interactions between the different modes can be 

neglected 

– The Lagrangian for the helicity-zero mode will be a Galileon 

one
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Absence of ghost mode

There does exist a constraint in dRGT massive gravity 

which removes the extra degree of freedom

Shown first in the decoupling limit
(de Rham, Gabadadze 2010.  de Rham, Gabadadze, Tolley 2011)

Generalised to a complete non-linear proof
(Hassan, Rosen 2012)
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Massive cosmology

There is a degravitating solution, for arbitrarily large 

positive vacuum energy there exists a solution for which 

the metric is Minkowski

If we impose the symmetries of FRW, we find that the 

constraint that removes the ghost requires

Can recover approximately FRW cosmology if we allow 

inhomogeneity and anisotropy

– Observations require

(D’Amico, de Rham, Dubovsky, Gabadadze, Pirtskhalava, Tolley. 2011)15



In the decoupling limit

The effective Lagrangian is

Where

The decoupling limit
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The decoupling limit

The scalar Lagrangian respects (up to total derivatives) the 

Galileon symmetry 

There are never more than two derivatives on a field

This avoids Ostrogradski ghosts

– If the equation of motion has fields with more than two time 

derivatives, there is a linear instability in the associated 

Hamiltonian (in the fundamental variables of the system)
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What’s the problem with scalar fields?

It is hard to introduce a new scalar field that does not 

couple to matter fields at least at the Planck scale

Bosons that couple to matter mediate forces

We do not see any fifth forces or modifications of gravity in 

the laboratory or in the Solar System
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Results of the Eöt-Wash experiment at the University of Washington
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Light scalar fields

Canonical light scalar fields seem to be in direct conflict 

with experimental observations

To include them we have to suppress their coupling to 

matter with an energy scale above the Planck scale

This can’t be justified in an effective field theory which we 

consider to be valid up to (at most) the Planck Scale
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Is the scalar field a chameleon?

Picture credit: Habib M’henni22



The scalar force

Find the spherically symmetric, static equations of motion, 

near an object of mass M

Metric solutions:

Scalar solutions:
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The Vainshtein radius

Non-linear terms become important within the 

Vainshtein radius

For   . 

Making the ratio of the scalar and gravitational forces
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The Vainshtein radius

Inside the Vainshtein radius the scalar force is suppressed

– This is how the vDVZ discontinuity is resolved

All gravitational tests must be done inside this radius
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A fractional change in the gravitational potential leads to an 

additional precession of the perihelion of the Moon

Lunar laser ranging constrains

In massive gravity

Lunar laser ranging

(Brax, CB, Davis 2011)26



Constraining Galileons

Constraining the parameters of the Galileon model is hard

– The solutions are very non-linear and so cannot be 

superimposed

We have neglected 

– The field configuration due to the Moon

– The field configuration due to the Sun

– The field configuration due to the galaxy

First attempts to study two body system show some 

equivalence principle violation 
(Hiramatsu, Hu, Koyama, Schmidt, 2012)
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Ghost free scalar field theories

The massive gravity scalar field theory is not the most 

general one to give second order field equations

– The difference is the Galileon symmetry

The Galileon symmetry prevents generic terms being 

generated in the Lagrangian

However we should worry that quantum corrections could

– Generate terms like

– Give large corrections to the scale Λ

(Horndeski 1974, Deffayet, Deser, Esposito-Farese 2009)29



Quantum corrections previously only studied for massive 

gravity/scalar theories excluding coupling to matter

Starting from the scalar Lagrangian, loop diagrams can 

only generate terms with at least one extra derivative

Quantum corrections

(Luty, Porrati, Rattazzi 2003, Nicolis, Rattazzi 2004)30



Quantum corrections

It is not possible to generate Galileon terms through loop 

corrections

– The scalar self-interactions are not renormalized

– The scale Λ does not get corrections and any value it takes is 

technically natural

But higher derivative operators can also be generated 

including
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Quantum corrections

What happens to these quantum corrections?

Consider perturbations around a background

– The second order Lagrangian for perturbations is
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The strong coupling scale

Cubic and higher self interactions of the scalar are 

controlled by the scale

– Quantum corrections become important at this energy scale

– Corresponding to distances ~ 1000 km

Self interactions of the canonically normalised scalar

are suppressed by  

– At the surface of the Earth this corresponds to distances 

~ 1 cm
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Including the couplings to matter

Within the Vainshtein radius of the Earth 

– the metric degrees of freedom behave as in standard GR

– The scalar degrees of freedom behave like Galileons

Perturbing around the background solution we find at the 

linearised level

Interactions have the form

– Where .
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Including the couplings to matter

To extract the strong coupling scale we have to canonically 

normalise the scalar field

Substituting in the background values for the scalar and 

metric around the Earth the interactions become
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Including the couplings to matter

The theory becomes non-perturbative at the lowest energy 

scale controlling these interactions

The lowest scale at the surface of the Earth is 

To conform with table top experiments must have
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Conclusions

We now know how to give a mass to spin-2 fields

It was hoped that a massive graviton could alleviate the 

cosmological constant problem

Theories of massive gravity have a lot of interesting 

phenomenology

Interactions with matter mean that quantum corrections 

become uncontrollable at a very low energy scale

– Cannot have both a cosmologically relevant massive graviton, 

and have the theory be under control in the lab
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Quantum corrections

If we canonically normalize the field an effective mass term 

is generated

The Coleman-Weinberg 1-loop correction is then

Quantum corrections are under control as long as

The field can take large values as long as higher 

derivatives are suppressed



Cosmological acceleration

In the original Galileon paper  has a self accelerating 

solution

– A self-accelerating vacuum undergoes cosmic acceleration 

even in the absence of any vacuum energy

This imposes an algebraic constraint on the coefficients

This does not solve the cosmological constant problem, 

there is still fine tuning

(Nicolis, Rattazzi, Trincherini 2009)



Cosmological acceleration

The bi-Galileon theory has two scalar fields which respect 

the Galileon symmetry

These theories have self-tuning solutions

– A self-tuning vacuum is insensitive to the vacuum energy

– The scalar field soaks up all of the contributions of the 

vacuum energy so that the metric can remain Minkowski

– Evades Weinberg’s no-go theorem because Poincaré 

invariance is broken in the scalar sector 

(Padilla, Saffin, Zhou 2010)



Cosmological acceleration

An example Lagrangian

The equations of motion have solutions

Unfortunately we can’t self tune away a large vacuum 

energy, and pass solar system tests



Faster than light

A massive object creates a non-trivial Galileon field profile

Far from the source the speed of radial fluctuations is 



Does superluminality imply closed time-like 

curves ?

(Babichev, Mukhanov, Vikman 2007)



Does superluminality imply closed time-like 

curves ?

Not necessarily!

(Babichev, Mukhanov, Vikman 2007)



Chronology protection

Solutions which contain closed time-like curves exist in GR

Hawking’s chronology protection principle is believed to 

prevent such configurations from appearing 

Galileon CTCs exist on a flat background space time

Just as in GR these solutions are unstable

Quantum corrections diverge at the formation of the closed 

time-like curve

– Closed time-like curves cannot be formed within the regime of 

validity of the effective field theory

(Hawking 1991)



Inside the Vainshtein radius

Region A

Region B

Force inside the Vainshtein radius independent of

R1

R2



dRGT Massive gravity

The cosmology of a universe with a massive graviton is 

approximately the FRW of standard GR when

After this time gravity will begin to be weaker on large 

scales

However there are no homogeneous and isotropic massive 

cosmologies

– At late times the universe looks like lots of patches of size

within which cosmology deviates from the standard one 

– The graviton mass is bounded to be an order of magnitude 

smaller than 



The role of the symmetry

The general theory is

can be written as a power series with specific 

coefficients

Without a symmetry there is no way to protect the 

coefficients from quantum corrections

– Such a theory is not predictive


