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Why modify gravity (in the IR)?
Principle Motivation is Cosmological: 

  
Dark Energy and Cosmological Constant

I: Old cosmological constant problem: 

Why is the universe not accelerating at a gigantic rate 
determined by the vacuum energy?

II: New cosmological constant problem: 

Assuming I is solved, what gives rise to the remaining vacuum 
energy or dark energy which leads to the acceleration we 

observe?



III: Because it allows us to put better constraints on Einstein 
gravity!

Why modify gravity (in the IR)?

D. Psaltis, Living Reviews
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Figure 1: A parameter space for quantifying the strength of a gravitational field. The x-axis measures the
potential ✏ ⌘ GM/rc2 and the y-axis measures the spacetime curvature ⇠ ⌘ GM/r3c2 of the gravitational
field at a radius r away from a central object of mass M . These two parameters provide two di↵erent
quantitative measures of the strength of the gravitational fields. The various curves, points, and legends
are described in the text.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2008-9

Potential

Curvature

e.g.  Weinberg’s nonlinear Quantum Mechanics- 
constructing to test linearity of QM

Gravity has only been tested over 
special ranges of scales and 
curvatures



Guiding Principle
Theorem: General Relativity (with a c.c.) is the Unique local 
and Lorentz invariant theory describing an interacting single 

massless spin two particle that couples to matter

Locality

Massless

Single Spin 2

Lorentz Invariant?

Weinberg, Deser, Wald, Feynman, ….. 



Guiding Principle
Corollary: Any theory which preserves Lorentz invariance 

and Locality leads to new degrees of freedom!

Locality

Massless

Single Spin 2

Lorentz Invariant?



Fifth Forces (solar system)

Equivalence Principle Tests etc.

Binary Pulsar Timing

Nucleosynthesis

Cosmological Moduli Problems

New gravitational degrees of freedom that 
coupled to matter are highly constrained

Need some kind of 
screening mechanism to 
hide extra 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
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Static 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
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Vainshtein!!!!!

Chameleon

Symmetron



Vainshtein effect is strongly scale and density dependent

Strong coupling 
regionWeak coupling

 region

For Sun

Schwarzschild
 region

Vainshtein radius

Yukawa region
r > m�1

r < rs



Additional fifth force from scalar mode

at first sight such theories are ruled out!



Force now 
vanishes as 



Fifth Forces

Vainshtein	radius:
m:	graviton	mass
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What does massive gravity mean?
In SM, Electroweak symmetry       

is spontaneously broken by the VEV of the Higgs field

SU(2)⇥ U(1)Y ! U(1)EM

Result, W and Z bosons become massive
Would-be-Goldstone-mode in Higgs field  becomes 

Stuckelberg field which gives boson mass

e.g. for Abelian Higgs
� = (v + ⇢)ei⇡

Aµ ! Aµ + @µ� ⇢ ! ⇢+ �

Higgs Vev Higgs Boson Stuckelberg field



Symmetry Breaking Pattern
In Massive Gravity - Local Diffeomorphism Group and an 
additional global Poincare group is broken down the diagonal 

subgroup

In Bigravity - Two copies of local Diffeomorphism Group are 
broken down to a single copy of Diff group 

Diff(M)⇥Diff(M) ! Diff(M)
diagonal

Diff(M)⇥ Poincare ! Poincare

diagonal



Higgs for Gravity

� = (v + ⇢)ei⇡

Despite much blood, sweat and tears an explicit 
Higgs mechanism for gravity is not known

For Abelian Higgs this corresponds to integrating out the Higgs boson and 
working at energy scales lower that the mass of the Higgs boson

However if such a mechanism exists, we DO know how to write 
down the low energy effective theory in the spontaneously broken 

phase

E ⌧ m⇢

Stuckelberg formulation of massive vector bosons

Stuckelberg fieldHiggs Boson



Stuckelberg Formulation for Massive Gravity

Diffeomorphism invariance is spontaneously broken but 
maintained by introducing Stueckelberg fields

Vev of spin 2 Higgs field
defines a ‘reference metric’

gµ⌫(x)
Fµ⌫ = fAB(�)@µ�
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Stuckelberg 
fields

helicity-0 mode of graviton

helicity-1 mode of graviton

fµ⌫ = hÔµ⌫i

Dynamical Metric

de Rham, Gabadadze 2009
Arkani-Hamed, Georgi, Schwartz 2002 



Massive Gravity
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Unique low energy EFT where the strong coupling scale is 
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General Relativity

2	‘tensors’ = helicity-2 modes



Lorenz Invariant Massive Gravity

2	‘vectors’ 2	‘scalars’
5 propagating degrees of freedom

5 polarizations of gravitational waves!!!!

Constraint means only 
one scalar propagates2 + 2 + 2� 1 = 5

= helicity-1 modes = helicity-0 modes



Bigravity

Bigravity=
massless graviton (2 d.o.f.)
+ massive graviton (5 d.o.f.)

decoupling 
limit
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Constraints on the Graviton Mass
de Rham, Deskins, AJT, Zhou, 1606.08462



Constraints on the Graviton Mass: 
WARNING!!!

de Rham, Deskins, AJT, Zhou, 1606.08462

In a realistic interacting theory, mass for tensor modes 
of graviton depends on the environment
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e.g. mass around merging black holes is not mass at cosmological scales!!!!!!



Fifth Force Bounds:  
Lunar Laser ranging

For hard mass graviton, (~ quartic Galileon)

For DGP, (cubic Galileon)

Traditionally Strongest Constraint on Mass of Graviton



Extra polarizations of graviton = extra modes of gravitational wave 

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

Binary Pulsars
de Rham, AJT, Wesley 2012
de Rham, Matas, AJT 2013

+ Numerical Work in progress



In the weak field approximation, a graviton mass leads to a Yukawa potential 

 

Goldhaber and Nieto, 1974

Cluster bounds: The core of clusters of a typical size 1-10Mpc are virialized

Weak Lensing: power spectra of effective convergence gets corrected by

Talmadge et al., 1988

Assuming ΛCDM, 

Choudhury et al., 2004

Yukawa Potential  
Bounds



Constraints modifications of the  
dispersion relation

Generic for the helicity-2 modes of any Lorentz 
invariant model of massive gravity

GW signal would be more squeezed than in GR

 

Will 1998

Direct Detection of  GW

arrival time difference emitted time difference
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Will 1998 
Abbott et al., 2016

 

For GW150914, 

 

For eLISA, could have  

Direct Detection of  GW



Does we know all the constraints on graviton 
mass from aLIGO??

No! Many other 
effects to consider

LIGO & VIRGO, PRL116, 221101 (2016)

GW150914

• Graviton Mass depends on environment, for instance 
it depends on distance to black holes

• Graviton Mass likely to vary non-adiabatically 
during merger creating additional non-adiabatic 
effects in the waveform

• Additional scalar (and vector) gravitational 
radiation. Scalar radiation may dominate effects on 
tensors.

• Black hole/NS solution modified, in particular 
quasi-normal modes may be different

• Vainshtein suppression may not be active in 
merger region - needs proper numerical simulation

• PN expansion almost certainly doesn’t work in 
Vainshtein region
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The LIGO detection of GW150914 provides an unprecedented opportunity to study the two-body motion of a
compact-object binary in the large velocity, highly nonlinear regime, and to witness the final merger of the binary
and the excitation of uniquely relativistic modes of the gravitational field. We carry out several investigations
to determine whether GW150914 is consistent with a binary black-hole merger in general relativity. We find
that the final-remnant’s mass and spin, determined from the inspiral and post-inspiral phases of the signal,
are mutually consistent with the binary black-hole solution in general relativity. The data following the peak
of GW150914 are consistent with the least-damped quasi-normal-mode inferred from the mass and spin of the
remnant black hole. By using waveform models that allow for parameterized general-relativity violations during
the inspiral and merger phases, we perform quantitative tests on the gravitational-wave phase in the dynamical
regime and, bound, for the first time several high-order post-Newtonian coe�cients. We constrain the graviton
Compton wavelength in a hypothetical theory of gravity in which the graviton is massive and place a 90%-
confidence lower bound of 1013 km. Within our statistical uncertainties, we find no evidence for violations of
general relativity in the genuinely strong-field regime of gravity.

Introduction. On September 14, 2015, at 09:50:45 Uni-
versal Time, the LIGO detectors at Hanford, Washington and
Livingston, Louisiana, detected a gravitational-wave (GW)
signal, henceforth GW150914, with an observed signal-to-
noise ratio (SNR) ⇠ 24. The probability that GW150914 was
due to a random noise fluctuation was later established to be
< 2⇥10�7 [1, 2]. GW150914 exhibited the expected signature

of an inspiral, merger, and ringdown signal from a coalescing
binary system [1]. Assuming that general relativity (GR) is the
correct description for GW150914, detailed follow-up analy-
ses determined the (detector-frame) component masses of the
binary system to be 39+6

�4 M� and 32+4
�5 M� at 90% credible in-

tervals [3], corroborating the hypothesis that GW150914 was
emitted by a binary black hole.

m
graviton

< 10�22eV

AJT Conjecture: Likely real constraints on LI MG are stronger!



What about Black hole solution, is horizon modified?
Many attempts to construct Black Hole solutions of massive (bi) gravity have 

focused on special symmetric solutions many in non-standard branches.

There should be a solution with 
Yukawa asymptotics!

= Schwarschild as 

Nonsingular Black Holes in Massive Gravity:
Time-Dependent Solutions

Rachel A. Rosen
Department of Physics, Columbia University,

New York, NY 10027, USA

Abstract

When starting with a static, spherically-symmetric ansatz, there are two types
of black hole solutions in massive gravity: (i) exact Schwarzschild solutions which
exhibit no Yukawa suppression at large distances and (ii) solutions in which the dy-
namical metric and the reference metric are bi-diagonal and which inevitably exhibit
coordinate-invariant singularities at the horizon. In this work we investigate the possi-
bility of black hole solutions which can accommodate both a nonsingular horizon and
Yukawa asymptotics. In particular, by adopting a time-dependent ansatz, we derive
perturbative analytic solutions which possess nonsingular horizons. These black hole
solutions are indistinguishable from Schwarzschild black holes in the massless limit. At
finite mass, they depend explicitly on time. However, we demonstrate that the loca-
tion of the apparent horizon is not necessarily time-dependent, indicating that these
black holes are not necessarily accreting or evaporating (classically). In deriving these
results, we also review and extend known results about static black hole solutions in
massive gravity.
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Time-Dependent Solutions

Rachel A. Rosen
Department of Physics, Columbia University,

New York, NY 10027, USA

Abstract

When starting with a static, spherically-symmetric ansatz, there are two types
of black hole solutions in massive gravity: (i) exact Schwarzschild solutions which
exhibit no Yukawa suppression at large distances and (ii) solutions in which the dy-
namical metric and the reference metric are bi-diagonal and which inevitably exhibit
coordinate-invariant singularities at the horizon. In this work we investigate the possi-
bility of black hole solutions which can accommodate both a nonsingular horizon and
Yukawa asymptotics. In particular, by adopting a time-dependent ansatz, we derive
perturbative analytic solutions which possess nonsingular horizons. These black hole
solutions are indistinguishable from Schwarzschild black holes in the massless limit. At
finite mass, they depend explicitly on time. However, we demonstrate that the loca-
tion of the apparent horizon is not necessarily time-dependent, indicating that these
black holes are not necessarily accreting or evaporating (classically). In deriving these
results, we also review and extend known results about static black hole solutions in
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Babichev, Brito, Volkov, … many more

we can match the large distance behavior of the solution (3.28) with Yukawa asymptotics
(3.23). This fixes the two integration constants

K1 =

✓
GM

3

◆4/3

, K2 =
9GM

4
. (3.29)

This solution can now be substituted into the remaining equations of motion (3.26) to find
B1(r) and ⇢(r).

In Figure 1 we compare �g00(r) = B0(r)2 with the Schwarzschild solution �g00(r) = 1� 2GM
r

.
The minimal massive gravity model is plotted in dark gray while the Schwarzschild solution
is in light gray. In the right hand plot we zoom in, close to r = 2GM . Both solutions
asymptote to 1 for large r. The observable di↵erence between the two solutions at large r

is a direct manifestation of the usual 4
3 factor of the vDVZ discontinuity. At short r, the

discrepancy is due to the absence of the Vainshtein mechanism.
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Figure 1: Comparison of the g00(r) component of the metric for black holes in minimal
massive gravity (dark gray) and Schwarzschild black holes (light gray).

While the g00 component of the Schwarzschild solution passes smoothly through zero at
r = 2GM , for the minimal model we have abrupt behavior: at distances shorter than
r = 9

4 GM , the solution becomes imaginary. At r = 9
4 GM , we have �g00(r) = 28

38 . In
addition, all the relevant scalars of this theory are finite:

R = T µ
µ = 3

p
g

�1
f

µ

µ ! �32

27

1

(GM)2
. (3.30)

In other words, there are no singularities simply because this solution has no horizon.

Suggestively, the value of the radius r = 9
4 GM is the same as that for the Buchdahl bound

which gives the maximal radius of a star with finite pressure. However, it’s unclear if
these solutions are physically meaningful, given that they cannot obviously be continued for
r <

9
4 GM .
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m ! 0

Lapse as a function of radius



Conclusions
•Realistic, nonlinear, diffeomorphism invariant EFTs of modified gravity do 

exist and can be tested
•Many models designed to modify late time cosmology can also be 

constrained by Solar system, late time, pulsars, strong gravity physics, GWs
•Screening Mechanism play a crucial role in theoretical and observational 

viability
•Nonlinear theories of massive (bi) gravity are examples which will lead to 

many physical effects different GR, tests whether Diff Invariance is 
Spontaneously Broken?

•Strong gravity and GW physics will place strong constraints 
•Current constraints on the graviton mass from aLIGO, need to be 

improved by better understanding the nonlinear dynamics of the helicity-0 
mode (Vainshtein effect), and the properties of Black Holes and Neutron 
Stars in massive gravity (be it Lorentz Invariant or Lorentz Violating), how 
the merger is modified, how the quasi-normal modes are modified

•Similar remarks hold for Pulsars (Work in Progress)


