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General Relativity
works fine!
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Modified Gravity?

GR Singularity

Kretschmann scalar
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Dark Energy

Dark Matter

General Relativity
works fine!
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Modified Gravity?

GR Singularity

How differentiate between Dark Sector and 
Modified Gravity?Let us probe Gravity in these regions!

Kretschmann scalar
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General Relativity
works fine!

Modified Gravity?
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General Relativity
works fine!

Modified Gravity?

✏ =
GM
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Einstein Gravity

Metric of space time

Curvature
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Lovelock’s theorem (1971) :“The only second-order, local gravitational field equations 
derivable from an action containing solely the 4D metric tensor (plus related tensors) are the 
Einstein field equations with a cosmological constant.”

Wednesday, 4 June 14

General Relativity is quite unique



Modified Gravity

New degrees of freedom

Higher dimensions

Higher-order

Non-local

Scalar

Vector

Tensor

f
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Some degravitation 
scenarios

Scalar-tensor & Brans-Dicke

Galileons
Ghost condensates

the Fab Four

Coupled Quintessence
f(T)

Einstein-Cartan-Sciama-Kibble

Chern-Simons

Cuscuton

Chaplygin gases

Einstein-Aether

Massive gravity
Bigravity

EBI

Bimetric MOND

Horndeski theories Torsion theories

KGB

TeVeS

General RμνRμν, 
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Hořava-Lifschitz

f (G)

Conformal gravity

Strings & Branes

Generalisations 
of SEH

Cascading gravity

Lovelock gravity

Einstein-Dilaton-
Gauss-Bonnet

Gauss-Bonnet

Randall-Sundrum Ⅰ & Ⅱ DGP

2T gravity

Kaluza-Klein

arXiv:
1310.1086
1209.2117
1107.0491
1110.3830

Lorentz violation

Lorentz violation

Tessa Baker 2013
Wednesday, 4 June 14
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Context: scalar-tensor theories and a 5th force 

Tensor field: gµν 
of General Relativity 

Scalar field: Φ 
Giving rise to a 5th force 

Action: 

5th force in the Newtonian limit: 

Varying constants  

Universal or composition dependent   WEP violation 

Properties : 

Finite range: acquires a mass through its potentiel 

Context Unscreened scalar 
fields 

Modelling the 
chameleon 

5th force and 
asymmetries 

Constraints using 
stiffness 

measurement 
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Tensor field: gµν 
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Giving rise to a 5th force 

Action: 

5th force in the Newtonian limit: 

Varying constants  

Universal or composition dependent   WEP violation 

Properties : 

Finite range: acquires a mass through its potentiel 

Context Unscreened scalar 
fields 

Modelling the 
chameleon 

5th force and 
asymmetries 

Constraints using 
stiffness 

measurement 

Extra degrees of freedom in Scalar-Tensor Gravity 
Fifth Force



Screening Mechanisms in Scalar-Tensor Gravity

1. Weak coupling 2. Large mass

L = �1

2
Zµ⌫(�, @�, ...)@µ�@⌫�� V (�) + g(�)Tµ

µ

3. Large inertia

V = �GM

r
(1 + ↵e�mr)

<latexit sha1_base64="9pWahpDtKDpzzqes3ZMsXC8t7sc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoVaUmkohuh6EI3QgX7gCaWyXTSDp1JwsxEKCE/4MZfceNCEbfu3fk3TtsstPXAhcM593LvPV7EqFSW9W3MzS8sLi3nVvKra+sbm+bWdkOGscCkjkMWipaHJGE0IHVFFSOtSBDEPUaa3uBy5DcfiJA0DO7UMCIuR72A+hQjpaWOud84Lzm+QDi5gjdpItKifeQgFvURJPdJiUORHsKOWbDK1hhwltgZKYAMtY755XRDHHMSKMyQlG3bipSbIKEoZiTNO7EkEcID1CNtTQPEiXST8TcpPNBKF/qh0BUoOFZ/TySISznknu7kSPXltDcS//PasfLP3IQGUaxIgCeL/JhBFcJRNLBLBcGKDTVBWFB9K8R9pLNROsC8DsGefnmWNI7LdqV8clspVC+yOHJgF+yBIrDBKaiCa1ADdYDBI3gGr+DNeDJejHfjY9I6Z2QzO+APjM8fyzaaHw==</latexit>

<latexit sha1_base64="m5XYmkkm/wXVrvqJE6rOd+XbPs0="></latexit>

V (r) = → g2(ω̄)

Z(ω̄) c2s(ω̄)

e
→ m(ω̄)↑

Z(ω̄) cs(ω̄)
r

4εr
ϑ

<latexit sha1_base64="SD8qv2IonoMuWlH5iCpSmay6UoQ=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/QriWbZtvQbLIkWUtZ+j+8eFDEq//Fm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsY32Z++4kqzaR4MNOY+hEeChYygo2VHnuKDUcGKyUnyC31yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dH71DJ1ZZYBCqWwJg+bq74kUR1pPo8B2RtiM9LKXif953cSE137KRJwYKshiUZhwZCTKIkADpigxfGoJJorZWxEZYYWJsUFlIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJBBQ8wyu8ORPnxXl3PhatBSefOYY/cD5/AMwRkhA=</latexit>→ 0



Screening mechanisms classification

Chameleon
f(R)-gravity

Symmetron
Dilaton

Vainshtein
Galileons

DGP

massive gravity

k-Mouflage

mass/range
coupling

D-Bionic

@2'

@'

fie
ld 

va
lue
kinetic term

MOND

R ⇠ r2� � ⇤3

L = �1

2
Zµ⌫(�, @�, ...)@µ�@⌫�� V (�) + g(�)Tµ

µ



10-62 
10-60 
10-58 
10-56 
10-54 
10-52 
10-50 
10-48 
10-46 
10-44 
10-42 
10-40 
10-38 
10-36 
10-34 
10-32 
10-30 
10-28 
10-26 
10-24 
10-22 
10-20 
10-18 
10-16 
10-14 
10-12 
10-10

Cu
rv

at
ur

e,
 ξ

 (c
m

-2
 )

10-12  10-10  10-8  10-6  10-4  10-2  100

Potential, ε

 DETF4

 Facility
 BAO

 ELT S stars

  LOFT +
  Athena

     PPN 
constraints

  Tidal streams
     (GAIA)

 AdLIGO

 eLISA

 A
 P

 Atom

 Triple

 Inv. Sq.

 EHT

 Sgr A*

 M87

 Planck

PTA

 Baker, Psaltis 
& Skordis, 2014.

how deep the gravitational well is

General Relativity
works fine!

Modified Gravity?

✏ =
GM
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(Low density)

coupled!
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VeffHfL
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VeffHfL vevvev

(High density)

No coupling!

(Low density)

coupled!

coupling
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Symmetron Screening 
Strength of fifth force depends on local density  



                Chameleon Screening         (Khoury & Weltman 2004) 
Mass/Range of field depends on local density

Mass
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Long range force
Short range force
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Chameleon Screening 
Mass/Range of field depends on local density

Chameleon f(R)-gravity
Large mass

Small mass

A(�)⇢

A(�)⇢

V (�)

V (�)

Veff (�)

Veff (�)



Structure formation probes deviations from GR

General Relativity Modified Gravity (Symmetron)

(Christiansen, Adamek, Hassani, DFM)
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Cluster Velocity Profiles 



Gronke, Llinares, DFM, Winther
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Velocity profiles 
dependence on the halo mass
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Velocity profiles 
Modified Gravity smoking gun

Breaks degeneracy between Dark Sector 

and Modified Gravity!



Two ways to measure Mass
• Inertial Mass - The 

greater the mass, the 
greater force it takes to 
change its motion 
(acceleration)

• Gravitational Mass -
Measured with a balance

Equivalence Principle
Inertial mass vs. Gravitational mass

Equivalence principle: They are the same in GR!

“Charge” of  the 
gravity interaction



Kinematical Mass (Inertial mass)
from velocity dispersions of galaxies

Modified Gravity enhances kinematical mass estimates for 
same velocity dispersion 

Mkinematic
< V 2 >

R
= FNMkinematic

< V 2 >

R
= FN + F�



Clusters Masses
Gravitational Mass: measured via lensing

Conformal Invariance: null geodesic not affected by Modified Gravity

Lensing Mass in (conformal) Modified Gravity same as GR

r2�+ = 4⇡Ga2�⇢

�+ ⌘ (�+ )/2
 Lensing potential as in GR!



Smoking gun for Gravity beyond Einstein

Kinematic Mass depends on 
extra forces

Lensing Mass vs. Kinematic Mass

Lensing Mass same as in GR

�M ⌘ MD

ML
� 1
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Smoking gun for Modified Gravity
Lensing Mass vs. Kinematic Mass

Small halos: EP violation Large halos: no EP violation

Large deviations in spite of being undetected in Solar 
System, LSS, CMB, SNIa

Gronke, DFM, Winther A&A



Thermal Mass
from x-ray measurements of temperature and 

density profiles of intergalactic gas

Thermal mass estimates in Modified Gravity differ from GR

Umetsu et al., ApJ 755, 56 (2012)

dP

dr
= �GM(r)⇢(r)

r2
+F�Mass holds hydrostatic equilibrium:  
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Smoking gun for Modified Gravity
Lensing Mass vs.  Thermal Mass

Small halos: EP violation Large halos: no EP violation

Large deviations in spite of being undetected in Solar 
System, LSS, CMB, SNIa, Black holes



Observational Constraints
Gronke, DFM, Winther A&A



Chameleon
f(R)-gravity

Symmetron
Dilaton

Vainshtein
Galileons

DGP

massive gravity

k-Mouflage

mass/range
coupling

D-Bionic

@2'

@'
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MOND

R ⇠ r2� � ⇤3

L = �1

2
Zµ⌫(�, @�, ...)@µ�@⌫�� V (�) + g(�)Tµ

µ

How to differentiate among Screening Mechanisms?
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(Llinares, DFM)Symmetron Phase Transition Llinares, DFM PRL



Symmetron Domain Walls
(Christiansen, DFM)



(Christiansen, Adamek, Hassani, DFM)

Domain Walls source Gravitational Waves
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Stochastic gravitational wave background as a probe of Symmetron

(Christiansen, Adamek, Hassani, DFM)
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(Christiansen, Adamek, Hassani, DFM)

( Standard case:  )γDW ∼ 2
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Stochastic gravitational wave background as a probe of Screening Mechanisms



Summary

 Modified Gravity with screening affects structures in the nonlinear 
regime
 Effects are stronger within the fifth force range and proportional to the 

coupling
 

 Global observables are probes of Modified Gravity
 But local observables and environmental dependence are the best 

probes to break degeneracies with dark sector physics

 Measuring the mass, velocity dispersion and Gravitational Redshift 
of galaxy clusters can probe equivalence principle violations

 The differences between the observed masses are  environmental 
dependent

 Gravitational Waves are promising probes to distinguish among 
Screening Mechanism 


