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Data points 
tantalizingly close to

w = �0.94± 0.1

w = �1

Cosmic 
Acceleration

The Universe is Accelerating!
Acceleration can only occur if

2011 Nobel Prize 
in Physics

Riess, Perlmutter, 
Schmidt

w =
p

�
< �1/3



Why are we so concerned?

Cosmic Coincidence 
Problem

Cosmological Constant 
Problem

New physics at Hubble 
scales?

New physics at a millimeter 
scales?

Dark Energy? Modified Gravity?

Cosmological constant?
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Why does dark energy come to dominate today? 
around the time of structure formation?

Universe began accelerating about 
redshift z~0.4 and age 10 Gyr

�d.e.

�M
� a3

Also seems coincidental 
that the amount of 
visible and dark 
matter are only a few 
orders of magnitude 
away !om each other 
today

Cosmological constant problem



C.C. is leading ‘relevant operator’ in action for gravity

graviton

me
4/ρ ~ 1036      mW

4/ρ ~ 1056 

Despite being most relevant operator:   most UV sensitive!

electron

��� =
8�G

3
�� �

�
m4

i ln(mi/µ)

Cosmological constant problem - loop corrections

Why doesn’t Lambda pick up a large contribution from Phase Transitions?

Potential energy of Higgs field

QCD condensate energy in presence of qqbar bilinears 
(chiral symmetry breaking) 

V � (100GeV )4

V � (100MeV )4



What are the alternatives to General Relativity?

All of the proposed ideas fall into a small number of 
categories

The categories are based on their screening 
mechanisms

In recent years lots of work by cosmologists on possible 
extensions to general relativity - 

e.g. change the way curvature responds to energy, extra 
dimensions, strings/branes, 
new scalars particles (like the Higgs) which couple to matter .....

General Relativity is a beautiful well understood 
theory that has so far passed all known tests

But General Relativity does not naturally predict an 
accelerating universe! unless we put in some CRAZY matter/
energy



New Degrees of Freedom

Cosmological constant is the `unique’ large distance 
modification to GR that does not introduce any 
new degrees of freedom

Dynamical Models of Dark Energy or Modified Gravity will be 
distinguished by new degrees of freedom 

= new particles - new fields - new gravitational waves - 
new forces - new dynamics

New degrees of freedom must 
necessarily by incredibly light! md.e. � 10�33eV

md.e. = Hubble rate = 1/Age of universe

Theorem:



Why are new d.o.f. nearly always scalars?

If theory Lorentz invariant, new d.o.f characterized by spin

Must be effectively bosonic to act at large distances 
(even if fundamentally fermionic)

Massive spin 2 = Massless spin 2 + Massless spin 1 + Scalar

Massive spin 1 = Massless spin 1 + Scalar

Massless spin 1 must coupled to conserved vector but 
�µTµ

� = 0

(=GR!)

Range of energies for which every D.E./modified gravity 
theory looks like General Relativity plus scalars fields!

Energy and Momentum are conserved



DARK ENERGY VERSUS 
MODIFIED GRAVITY

If new degrees of freedom are MINIMALLY coupled to gravity - 
we call the model DARK ENERGY

If new degrees of freedom are NON-MINIMALLY coupled to 
gravity - we call the model MODIFIED GRAVITY

Example - Brans-Dicke, Massive gravity, f(R) - can all be written as Einstein 
gravity with additional vector and scalar fields which are non-minimally 
coupled to matter 

Even Brane-World models like DGP/Cascading Gravity can be reintepreted 
in this sense albeit with an infinite tower of extra degrees of freedom

What is NOVEL about modified gravity theories - is that the extra 
dynamical degrees of freedom have dynamics at cosmological scales, they are 
very light



Fifth Forces (solar system)

Equivalence Principle Tests 
etc.

Binary Pulsar Timing

Nucleosynthesis/
Cosmology

Variation of fundamental 
constants

New gravitational degrees of freedom that 
couple to matter (MODIFIED GRAVITY) 
are highly constrained

Need some kind 
of screening 
mechanism to 
hide extra d.o.f.



Interactions of new d.o.f.

Imagine a scalar � = �b + ��

coupled to the energy density � = �b + ��

Generic form of equation of motion for perturbations

kinetic term mass term coupling to matter

Z(�b, ⇢b)


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2(�b, ⇢b)�� = �(�b, ⇢b)GNewton
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gradient term



Force between two masses:

Fifth forces -
 Forces beyond the Gravity, Electromagnetic, Weak 

Force, Strong Force

Z(�b, ⇢b)


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Fifth force constraints: screening

To ensure fifth forces are small

Only three independent possibilities!

(b) Mass is large

(a) Coupling is small

(c) Kinetic term is large

�(�b, �b)� 1

Z(�b, �b)� 1

m(�n, �b)�
1

rexp

F ⇡ MaMbG

r2
�2

(�b, ⇢b)p
Z(�b, ⇢b)cs(�b, ⇢b)

exp(�m(�b, ⇢b)r)

�2
(�b, ⇢b)p

Z(�b, ⇢b)cs(�b, ⇢b)
exp(�m(�b, ⇢b)r)



I. Making the coupling small 
universally

Theoretical Models:
Quintessence and its multifarious 

generalizations!!!

These are the Vani"a models of Dynamical Dark Energy

�(�b, �b)� 1

S =
⇤

d4x
⇥
�g

�
M2

pl

2
R� 1

2
(⇤�)2 � V (�)

⇥
+ Sm

Canonical Example: Scalar field with no direct coupling to matter

Dark energy contributes to the background evolution, and plays an indirect 
role in perturbations, additional isocurvature modes



Quintessence Theoretical Challenges
 Typically not technically natural (Eta problem in 
Inflation) - significantly worse for Dark Energy 

�V � V (�)
�2

M2
pl

dim 6 operators

Closely akin to Higgs 
mass/gauge hierarchy 

problem

mass quadratically divergent, 
pick up mass comparable to 
heaviest particle

Technically natural Scalar Field arises 
as a pseudo-Nambu-Goldstone field 
associated with an approximately 
broken continuous global symmetry 



II. Making the coupling small 
environmentally

Theoretical Models: Symmetron 

�(�b, �b)� 1

Consider a scalar with
1. Symmetry 
2. Symmetry breaking potential
3. Non-minimal coupling to matter density

example S =
�

d4x
�
�g

�
�1

2
(��)2 � 1

4
��4 +

1
2
µ2�2 + LM (gµ�(1 + �2/M2))

�

Z2 symmetry Broken symmetry vev 
�� �� �2 = µ2/�

Khoury and Hinterbichler 2010



Symmetron - effective potential

S =
�

d4x
�
�g

�
�1

2
(��)2 � 1

4
��4 +

1
2
µ2�2 + LM (gµ�(1 + �2/M2))

�

As a result of non-minimal coupling, effective potential is

At low densities symmetry broken, coupling large

At high densities symmetry recovered, coupling small

Ve�(�) =
1
2

� �

M2
� µ2

�
�2 +

1
4
��4

� < µ2M2

� > µ2M2

� � �MPL

M2

� � µ2/� � � µ2MPl

�M2

� � 0 � � 0
M � 10�3MPl

µ�1 �Mpc



III. Making mass large environmentally

Theoretical Models: Chameleon, Generalized Branes-Dicke 
models, f(R)

m(�n, �b)�
1

rexp

rendered uninterestingly small. Since this stringent constraint only applies to
visible matter, many authors have relaxed the assumption of universal cou-
pling and explored models in which the scalar field only substantially interacts
with the dark matter [12–18].

A tantalizing alternative is that the apparent decoupling of the scalar field is
a local e�ect, owing to the large matter density of the solar system or pulsar
environment. While decoupled locally, the scalar field can have interesting
cosmological e�ects in the much sparser cosmic environment. There are only
two known ways to realize this idea.

The first mechanism, discussed in Sec. 2.1, is the chameleon e�ect [19–21]: by
adding a suitable potential, the scalar field acquires mass which depends on the
density. The mass is large in regions of high density, thereby suppressing any
long-range interactions. (Density-dependent e�ective couplings were initially
noted in a di�erent context [22].) Theories of f(R) gravity [23,24] rely on the
chameleon e�ect to ensure consistency with solar system tests [25,26].

An alternative mechanism, discussed in Sec. 2.3 is the Vainshtein e�ect, which
ensures the phenomenological viability of DGP [27] and Cascading Grav-
ity [28–30] models. In this case, the longitudinal graviton or brane-bending
mode acquires a large kinetic term in the vicinity of astrophysical objects and
therefore decouples.

2.1 Chameleon theories and f(R) models

Chameleon field theories generalize (2) to include a suitable scalar potential
V (⇥), whose properties will be discussed shortly:

Scham =
⇤

d4x
⇤
�g

�
M2

Pl

2
R� 1

2
(⌅⇥)2 � V (⇥)

⇥

+ Smatter

⌅
g e2�⇥/MPl

⇧
. (3)

This action can be further generalized in various ways. One can generate vio-
lations of the Equivalence Principle by allowing di�erent couplings �i for the
various matter fields. One can also couple the chameleon to the electromag-
netic term, resulting in photon-chameleon mixing [31] and induced polarization
in the spectrum of astronomical objects [32]. For the purpose of this article,
however, we will stick to the simpler case of universal, conformal coupling. The
parameter � is implicitly assumed to be O(1), corresponding to gravitational-
strength coupling. Remarkably, it was pointed out in [33] that much larger
couplings are allowed by current constraints. However, one must be concerned
with an adiabatic instability arising in this case [34].
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Fig. 1. The chameleon e�ective potential Ve� (solid curve) is the sum of two contri-
butions: the actual potential V (�) (dashed curve), plus a density-dependent term
from its coupling to matter (dotted curve). Taken from [19].

Because of its coupling to matter fields, the scalar field is a�ected by ambient
matter density. For starters, consider a non-relativitistic perfect fluid with
homogeneous density ⇥. In this medium, the dynamics of ⇤ are governed by
an e�ective potential

Ve�(⇤) = V (⇤) + ⇥ e�⇥/MPl . (4)

And for suitably chosen V (⇤), this will have a minimum at some finite field
value ⇤min, as illustrated in Fig. 1, with e�ective mass

m2
e� = V,⇥⇥(⇤min) +

�2

M2
Pl

⇥ e�⇥/MPl . (5)

The general conditions on V (⇤) are as follows [35]: (i) to balance the potential
against the density term, we must have V,⇥ < 0 over the relevant field range;
(ii) since V,⇥⇥ typically gives the dominant contribution to the mass term,
stability requires V,⇥⇥ > 0; (iii) the e�ective mass will increase with density
provided that V,⇥⇥⇥ < 0.

A prototypical potential satisfying all of these conditions is the inverse power-
law form, V (⇤) = M4+n/⇤n, where n is some positive constant. This falls
within the class of tracker potentials relevant for quintessence models of dark
energy [36]. Assuming �⇤ � MPl, which will be the case for most situations
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Fig. 1. The chameleon e�ective potential Ve� (solid curve) is the sum of two contri-
butions: the actual potential V (�) (dashed curve), plus a density-dependent term
from its coupling to matter (dotted curve). Taken from [19].

Because of its coupling to matter fields, the scalar field is a�ected by ambient
matter density. For starters, consider a non-relativitistic perfect fluid with
homogeneous density ⇥. In this medium, the dynamics of ⇤ are governed by
an e�ective potential

Ve�(⇤) = V (⇤) + ⇥ e�⇥/MPl . (4)

And for suitably chosen V (⇤), this will have a minimum at some finite field
value ⇤min, as illustrated in Fig. 1, with e�ective mass

m2
e� = V,⇥⇥(⇤min) +

�2

M2
Pl

⇥ e�⇥/MPl . (5)

The general conditions on V (⇤) are as follows [35]: (i) to balance the potential
against the density term, we must have V,⇥ < 0 over the relevant field range;
(ii) since V,⇥⇥ typically gives the dominant contribution to the mass term,
stability requires V,⇥⇥ > 0; (iii) the e�ective mass will increase with density
provided that V,⇥⇥⇥ < 0.

A prototypical potential satisfying all of these conditions is the inverse power-
law form, V (⇤) = M4+n/⇤n, where n is some positive constant. This falls
within the class of tracker potentials relevant for quintessence models of dark
energy [36]. Assuming �⇤ � MPl, which will be the case for most situations

4

Khoury and Weltman, 2003

starts with same 
idea:



!

"!V(

effV ("!

"

M#""#""""""""!
Pl

exp(

Fig. 1. The chameleon e�ective potential Ve� (solid curve) is the sum of two contri-
butions: the actual potential V (�) (dashed curve), plus a density-dependent term
from its coupling to matter (dotted curve). Taken from [19].

Because of its coupling to matter fields, the scalar field is a�ected by ambient
matter density. For starters, consider a non-relativitistic perfect fluid with
homogeneous density ⇥. In this medium, the dynamics of ⇤ are governed by
an e�ective potential

Ve�(⇤) = V (⇤) + ⇥ e�⇥/MPl . (4)

And for suitably chosen V (⇤), this will have a minimum at some finite field
value ⇤min, as illustrated in Fig. 1, with e�ective mass

m2
e� = V,⇥⇥(⇤min) +

�2

M2
Pl

⇥ e�⇥/MPl . (5)

The general conditions on V (⇤) are as follows [35]: (i) to balance the potential
against the density term, we must have V,⇥ < 0 over the relevant field range;
(ii) since V,⇥⇥ typically gives the dominant contribution to the mass term,
stability requires V,⇥⇥ > 0; (iii) the e�ective mass will increase with density
provided that V,⇥⇥⇥ < 0.

A prototypical potential satisfying all of these conditions is the inverse power-
law form, V (⇤) = M4+n/⇤n, where n is some positive constant. This falls
within the class of tracker potentials relevant for quintessence models of dark
energy [36]. Assuming �⇤ � MPl, which will be the case for most situations

4

Conditions necessary for chameleon 
mechanism to take place:

V,� < 0 V,�� > 0 V,��� < 0

Balance m increase with densityStability

easy to satisfy, e.g.
V (�) � M4+n

�n

To satisfy fifth force
M < 1meV

� > 0

Chameleon effect



Chameleons Theoretical Challenges

m� � �
�2

UV

Mpl
� 1meV

� � O(1)

�UV � TeV

Naively not technica"y natural

when

Adiabatic Instability (for strongly 
coupled chameleons)

Type of Jeans instability, exponential growth 
of small scale modesc2

s < 0

Bean et al. 2007

(see Amol talk)



IV. Making the kinetic term large 
environmentally

Theoretical Models:

Vainshtein (or kinetic chameleon) mechanism: 

Massive Gravity, DGP, Cascading Gravity, 
Galileon models and their generalizations!

Mechanism relies on a nontrivial reorganization of effective field 
theory to allow for large kinetic terms - arguably only natural in 
the context of massive gravity/DGP/Cascading

Z(�b, �b)� 1



Vainshtein (Kinetic Chameleon) effect

Allow in the action Irrelevant kinetic operators

Expanding around background solution, generates large 
kinetic term

S =
⇤

d4x
⇥
�g

�
�1

2
(⇤⇥)2 � 1

�3
�⇥(⇤⇥)2 +

⇥

Mpl
�

⇥

schematica"y: �⇥ � �

Mpl

Z = 1 +
�

�3MPl

Z � 1 +
�

�3MPl

Z(�b, �b)� 1 �b � �3MPl � m2M2
Pl

�3 � m2MPl

when



Galileon - a model that relies on 
Vainshtein

Again, as follows from Galilean invariance, the variation of the above term w.r.t. π only depends
on second derivatives of π. We can go on and study higher order invariants. In the Appendix
we show that formally there exists one and only one such Galilean-invariant at each order in
π. However, since each derivative Lagrangian term we will construct will be associated with
one Cayley invariant of the matrix ∂µ∂νπ, we will have as many non-trivial derivative Galilean
invariants as the rank of ∂µ∂νπ, that is the number of spacetime dimensions. In particular, in 4D
we only have five invariants: from the tadpole term, to a quintic derivative interaction 4.

At n-th order in π, the generic structure of a Galileo-invariant Lagrangian term is (∂2π)n−2∂π∂π.
For notational convenience, let’s denote by Π the matrix of second derivatives of π, Πµ

ν ≡ ∂µ∂νπ.
Also the brackets [ . . . ] stand for the trace operator, and the ‘·’ stands for the standard Lorentz-
invariant contraction of indices. So, for instance

[Π] ∂π · ∂π ≡ !π ∂µπ∂µπ . (33)

Then, up to fifth order in π the Galileo-invariant terms are

L1 = π (34)

L2 = −1
2 ∂π · ∂π (35)

L3 = −1
2 [Π] ∂π · ∂π (36)

L4 = −1
4

(

[Π]2 ∂π · ∂π − 2 [Π] ∂π · Π · ∂π − [Π2] ∂π · ∂π + 2 ∂π · Π2 · ∂π
)

(37)

L5 = −1
5

(

[Π]3 ∂π · ∂π − 3[Π]2 ∂π · Π · ∂π − 3[Π][Π2] ∂π · ∂π + 6[Π] ∂π · Π2 · ∂π

+2[Π3] ∂π · ∂π + 3[Π2] ∂π · Π · ∂π − 6 ∂π · Π3 · ∂π
)

(38)

The overall normalizations have been chosen to have simple normalizations in the equations of
motion, see below. Higher order Galileo-invariants are trivial in 4D, being just total derivatives.

For our purposes it is more convenient to work directly at the level of the equations of motion,
where there are no integration-by-parts ambiguities, and only second derivatives appear. Defining
Ei ≡ δLi

δπ , we get

E1 = 1 (39)

E2 = !π (40)

E3 = (!π)2 − (∂µ∂νπ)2 (41)

E4 = (!π)3 − 3 !π(∂µ∂νπ)2 + 2(∂µ∂νπ)3 (42)

E5 = (!π)4 − 6(!π)2(∂µ∂νπ)2 + 8 !π(∂µ∂νπ)3 + 3
[

(∂µ∂νπ)2
]2 − 6(∂µ∂νπ)4 (43)

where by (∂µ∂νπ)n we denote the cyclic contraction, (∂µ∂νπ)n ≡ [Πn].
The complete Lagrangian for π is a linear combination of the above invariants

Lπ =
5

∑

i=1

ci Li , (44)

4In 1D, i.e. mechanics, we just have two: the Galilean kinetic energy 1

2
m ẋ2 and the linear potential x.

9

Logic: write down every term in action 
consistent with symmetry

� � � + c
� � � + vµxµ

�µ
⇥ = ⇥µ⇥⇥�

Nicolis et al. 0811.2197

Self-acceleration without ghosts!



Massive Gravity leads a scalar (helicity zero) field

New scalar degree of freedom that 
couples to the trace of the stress 
energy momentum tensor

Massive  spin-2 field, has 5 dof
hµ� �

GN

�4 �m2

�
Tµ� �

1
3
gµ�T

�

�
in GR its hµ� �

GN

�4

�
Tµ� �

1
2
gµ�T

��tensor

vector

scalar



Giving a mass to a graviton is also not ‘so’ strange because thats 
what happens in extra dimensions and string theory!

Extra dimensions - Kaluza-Klein theory

Infinite tower of massive Kaluza-
Klein particles associated with 
fluctuations in the extra 
dimension 

masses given by size of 
extra dimension Kaluza and Klein



Massive Gravity (de Rham-Gabadadze-Tolley )

S =
M2

Pl

2

�
d4x
�
�g

�
R� 1

4
m2U(g, f)

�
)

free of ghosts!

A nonlinear theory of Massive Gravity

Many extensions and related models in the literature - 
bigravity, multi-vierbein, massive gravity coupled to DBI-

Galileon, New Massive Gravity



Characteristic radius from source 
- Vainshtein radius
- helicity zero version of Schwarzschild 
radius

r � rV

r � rV

Z � 1

Z � 1

rV = (rsm
�2)1/3 �3 � m2MPl

Screened region

Weak coupling region

For Sun

rV � 250pc

rs � 3km

m�1 � 4000Mpc

Vainshtein effect



Theoretical Challenges, open questions
Do any of these models actually improve on the old cosmological 
constant problem?

To what extend do the predictions of these models differ from 
LCDM ? 
most focus on the existence of extra scalars - leads to fifth forces, new 
gravitational radiation, new dynamics

How many of these models are simultaneously able to satisfy solar 
system and astrophysical tests and give interesting cosmological 
dynamics ?

Do there exist natural models of chameleon/f(R), Brans Dicke that are 
stable under quantum corrections? (see Amol’s talk)

Are any of the chameleon, symmetron models embeddable within high 
energy physics?  (eg Kurt Hinterbichler, Justin Khoury, Horatiu Nastase)

http://arxiv.org/find/hep-th/1/au:+Hinterbichler_K/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Hinterbichler_K/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Khoury_J/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Khoury_J/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Nastase_H/0/1/0/all/0/1
http://arxiv.org/find/hep-th/1/au:+Nastase_H/0/1/0/all/0/1


All models that rely on the Vainshtein effect e.g. massive gravity - have 
a low strong coupling scale - does this signal new physics (Wilsonian 
completion) or can it be understood using novel QFT ideas - dual 
theory - classicalization ?

Does the Vainshtein effect work at the quantum level - necessary to 
understand predictions for submillimeter gravity tests ?

Einstein gravity is stable in the sense that it satisfies positive energy 
theorems - modifications to gravity may induce instabilities, ghosts, 
tachyons, gradient instabilities - how many of these models are 
sufficiently stable to be plausible frameworks for cosmology ?

Einstein gravity also has build in well defined causal properties, i.e. well 
defined Cauchy problem - do all of these models have a well-defined 
Cauchy problem?

Theoretical Challenges, open questions



Models with Vainshtein effect are fundamentally nonlinear - is there a 
simple analogue of the post-Newtonian or post-Friedmannian 
framework to understand their predictions for the evolution of large 
scale structure?

Can we use symmetries or consistency requirements to restrict the 
number of plausible dark energy/modified gravity models to ease 
comparison with observations  - for instance in massive gravity consistency restricts to a 
unique number of interactions make the theory practically unalterable without introducing yet further 
degrees of freedom

Are there any quintessence of chameleon models which are 
embeddable to high energy physics frameworks for which the 
necessary small masses remain technically natural

To what extend to dark energy/modified gravity models modify early 
universe physics

Theoretical Challenges, open questions



de Rham-Gabadadze-Tolley (dRGT) 
Massive Gravity

Resummation of Massive Gravity
de Rham, Gabadadze, Tolley, PRL, 106, 231101 (2011)

S =
M2

Pl

2

�
d4x
�
�g

�
R� 1

4
m2U(g, f)

�
)

free of ghosts!

A nonlinear theory of Massive Gravity



dRGT model: allowed mass terms

Construct the following matrix/tensor
de Rham, Gabadadze, Tolley, PRL, 106, 231101 (2011)

Kµ
⌫ =

p
fµ↵g↵⌫K =

p
f�1g

Ghost-free mass terms are constructed from `characteristic polynomials’

U0 = 1 U1 = Tr[K] U2 =
1

2!

⇥
Tr[K]2 � Tr[K2]

⇤

U3 =
1

3!

⇥
Tr[K]3 � 3Tr[K]Tr[K2] + 2Tr[K3]

⇤

U4 =
1

4!

⇥
Tr[K]4 � 6Tr[K2]Tr[K]2 + 9Tr[K3]Tr[K] + 3Tr[K2]2 � 6Tr[K4]

⇤

These come from expanding a determinant!

Det[1 + �K] = 1 + �U1 + �2U2 + �3U3 + �4U4



Cosmology of dRGT model
Massive Cosmologies, Phys.Rev. D84 (2011) 124046
G. D’Amico, C. de Rham, S. Dubovsky, G. Gabadadze, D. Pirtskhalava, A. J. Tolley

Perfect Homogeneous and Isotropic solutions (FRW) are 
forbidden in the simplest form of Massive Gravity

Possible to find inhomogeneous models that are locally 
indistinguishable from FRW over scales set by the graviton 
mass

d � m�1 In each bubble the 
Vainshtein mechanism 
ensures the cosmology 
is close to Einstein GR

COMPTON WAVELENGTH of GRAVITON  = 
COHERENCE LENGTH



Black Holes
On Black Holes in Massive Gravity
L. Berezhiani,G. Chkareuli, G. Gabadadze, C. de Rham, Phys.Rev. D85 (2012) 044024 

Near the BH horizon the Vainshtein 
mechanism ensures the geometry is 
close to Schwarzshild (general 
relativity)

In Massive Gravity more than one effective metric:
waves travelling through a medium have a different velocity

Notion of causality is more subtle - scalar waves can travel faster or 
slower than tensor waves

Black hole horizons 
are more complex than in GR



Binary Pulsars
Pulsar is a highly magnetized, rotating neutron star, which emits a beam of EM radiation - a PULSE!

The Nobel Prize in Physics 1993 to Russell A. Hulse and Joseph H. Taylor Jr. "for the discovery of a new type of pulsar, a 
discovery that has opened up new possibilities for the study of gravitation"



Binary Pulsars in Massive Gravity

Extra polarizations of graviton = extra modes of gravitational wave 

Binary pulsars lose energy faster than in GR so the orbit slows down more 
rapidly

Vainshtein mechanism in Binary Pulsars, de Rham, Tolley, Wesley. arXiv:1208.0580

http://arxiv.org/abs/arXiv:1208.0580
http://arxiv.org/abs/arXiv:1208.0580
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gravitational lensing potential

r∗ ∼ kpc; for a typical galaxy r∗ ∼ Mpc; and for a galaxy cluster, r∗ ∼ 10 Mpc.

Gravitational Lensing
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