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General Relativity is quite unique

Curvature

1
167G

/d4$\/ng(g) +/d4$\/jg£(g,matter)

Metric of space time

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.”



Higher-order

Higher dimensions’\ Non-local /

Modified Gravity

New degrees of freedom

Tessa Baker 2013



Extra degrees of freedom in Scalar-Tensor Gravity
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Tensor field: gV
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Scalar field: ®
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Screening Mechanisms in Scalar-Tensor Gravity
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Screening mechanisms classification
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Symmetron Screening
Strength of fifth force depends on local density
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Chameleon Screening
Mass/Range of field depends on local density
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Chameleon Screening
Mass/Range of field depends on local density
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Structure formation probes deviations from GR

(Christiansen, Adamek, Hassani, DFM)

GR Fifth Force
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|

General Relativity Modified Gravity (Symmetron
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Cluster Velocity Profiles
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VQIOCity profiles Gronke, Llinares, DFM, Winther

dependence on the halo mass
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VGIOCity prOfiles Gronke, Llinares, DFM, Winther
Modified Gravity smoking gun
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Equivalence Principle
Inertial mass vs. Gravitational mass

* Inertial Mass - The |nertia| mass

greater the mass, the /
greater force it takes to F — ’
change its motion ma

(acceleration)

Equivalence principle: They are the same in GR!



Kinematical Mass (Inertial mass)

from velocity dispersions of galaxies
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Clusters Masses
Gravitational Mass: measured via lensing

V@, = 4rGa’dp
oL =(2+V)/2

Lensing potential as in GR!

Lensing Mass in (conformal) Modified Gravity same as GR



Smoking gun for Gravity beyond Einstein

VS.

Cco
C

lllllllll]llll[lll Illll

N
(-

1 ] l o I

p—
o

Velocity dispersion (km/s)

O L1 11
0 10 20 30 40 20
Distance from cluster center (pec)




Smoking gun for Modified Gravity

Lensing Mass vs. Kinematic Mass  Gronke, DFM, Winther AsA
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Small halos: EP violation Miens (Moh™)

Large halos: no EP violation

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



Thermal Mass

from x-ray measurements of temperature and
density profiles of intergalactic gas

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

Mass holds hydrostatic equilibrium: ap — GM (T) P (T)
dr 12

Thermal mass estimates in Modified Gravity differ from GR



Smoking gun for Modified Gravity

Lensing Mass vs. Thermal Mass
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| fro| constraint

Observational Constraints

Gronke, DFM, Winther A&A

<4— Dwarf galaxies

| | § } | | | | | | @ @ Distance indicators in dwarf galaxies
] © § 107 # % Solar System
; ¢ ¢ ] +— Strong gravitational lenses (SLACS)
B | V—V Stacked phase-space distribution

1103
_ —I  Cluster abundance + CMB

i ] ©- © Coma gas measurements

. o —=& -0 - - - 10* Cluster profiles (XMM Newton)

5 ® § ® ® Matter bispectrum

L ) ® @ Galaxy infall kinematics

»—» Cluster abundance (Chandra)
¢—¢ Cluster density profiles (maxBCG)
@—@ Supernova monopole radiation
- CMB ISW-lensing bispectrum
®—® This work (kinematic mass)

B—8 This work (thermal mass)

I
®
2 |
[
<

]
—
-

o1

- o ___ " 110°

. | | 4 | . | | 4107

10713 10712 10 10 102 102 10! 10° 10! 102 10°
Scale (Mpc)



How to differentiate among Screening Mechanisms?
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Walls

Symmetron Domain

(Christiansen, DFM)
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Domain Walls source Gravitational Waves

(Christiansen, Adamek, Hassani, DFM)

. - - 167G 1 -
o ' 21,2 _ [l pm Im
B+ 27y + Ky = — (PZ.P]. — PP ) T,
—_ 0
.10 15 : l]_()

i 10—16

.10—17 '60_1

T
10-18 10

10—19 '
10-20 -10°

Vet (¢)




Stochastic gravitational wave background as a probe of Symmetron
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Stochastic gravitational wave background as a probe of Screening Mechanisms

(Christiansen, Adamek, Hassani, DFM)
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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



