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Cosmic acceleration

» Many independent data sets indicate

the expansion of the Universe is

accelerating

» Standard cosmology requires
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Dark energy v Dark gravity

» Cosmological constant is the simplest candidate

but the theoretical prediction is more than 50 orders of
magnitude larger than the observed values

- Most embarrassing observation in physics

v

Standard model of cosmology is based on GR

but we have never tested GR on cosmological scales
cf. precession of perihelion MERCURY'S ORBIT
dark planet v GR '
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General picture

» Largest scales

gravity is modified so that the universe
accelerates without dark energy

Modified
gravity

H;'

» Large scale structure scales
gravity is still modified by a
fifth force from scalar graviton

» Small scales (solar system)
GR is recovered



Brans-Dicke theory

» Action
S=(dx|yR-22(Vy ) +L
s wr- 2 (vy)

f(R) gravity:w,, =0

quasi-static approximations (neglecting time derivatives)
ds? = —(1+2W)dP + a() (1 -2®)d¥ ¥ =Y, +@
Y/ ¢

(3+2w,, )V’ = -87Gp

VW =47Gp - %VZQD

D-W=—¢ P



Constraints on BD parameter

» Solutions
3+ 2wy, Ve = -87Gp

VAW — 4G 4 4+ 2wy, 0. G, .= 4+ 2wy, G
3+2w,, |

W=M(p Ey-lq)
1+ wy),

» PPN parameter

1+ wy,

2 + wy,

y-1=(2.1£23)x10° @, = 40,000

This constraint excludes any detectable modifications in
cosmology



Screening mechanism
» Require screening mechanism to restore GR

S = [d'x|yR- Opp W) (Vy ) +V(@)+ NV, Vi)

Y
recovery of GR must be environmental dependent
make the scalar short-ranged usifid¢y’) (chameleon)

make the kinetic term large to suppress coupling to matter
using @z @) (dilaton/symmetron)
or N(Vy) (k-mouflage) N(V) (Vainshtein)

Break equivalence principle
. remove the fifth force from baryons
f d'x (B(z/; M obaron + LCDM) (interacting DE models in Einstein
frame)



Behaviour of gravity

There regimes of gravity

In most models, the scalar mode
Scalar obeys non-linear equations
tensor describing the transition from scalar

A tensor theory on large scales to GR
@ on small scales
p.. =~10"g/cm’,
@ pgalaxy =~ 10_24g / Cm3?

p.. =~10g/cm’

Understandings of non-linear clustering require N-body
Simulations
where the non-linear scalar equation needs to be solved



N-body simulations
» GR
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» Modified gravity models

the non-linear nature of the scalar field equation implies
that the superposition rule does not hold

It is required to solve the non-linear scalar equation directly
a computational challenge

The breakdown of the superposition rule has interesting
consequences



N-body Simulations

Multi-level adaptive mesh refinement
solve Poisson equation using a linear Gauss-Seidel

relaxation
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Chameleon mechanism

» Scalar is coupled to matter
Depending on density, the mass can change

It is easier to understand the dynamics in Einstein frame
fd4 S =exp( Aof )gw,

pl
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"I'hin shell condition

» If the thin shell condition is satisfied, only the shell of
the ARe contributes to the fifth force

Verp () =V + pe®/Mai
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Vainshtein mechanism

» Vainshtein mechanism
originally discueed in massive gravity
rediscovered in DGP brane world model
linear theory w,, =0
Ve = -87Gp

|
Vzlp = 4777Gp —Evch

even if gravity is weak, the scalar can be non-linear

Vi +17 {szp)z—aiajfp aiafw}SﬂGazp rromt i Hy



Vainshtein radius

» Spherically symmetric solution for the scalar
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Chameleon v Vainshtein

» Screening mechanism

The self-field of the screened body and the external field
do not in general superpose but rather interfere in a
manner dependent on the non-linear interactions

V(lptotal = Vqpexternal + V(pinternal + Vqpinterference

Chameleon Vainshtein
long
wavelength :>
mode O
V;

7

Vq0t0tal " V(pextelrnal
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» Models: f(R) gravityg -2A + £, = Hu & Sawicki
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Screening of d

» Environmenta
dark matter
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Screening map

» It is essential to find places where GR is not

recovered Cabre, Vikram, Zhao, Jain, KK
» Small galaxies in underdense region’ 046046

» SDSS-galaxies within 200 Mpc
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‘1'ests of gravity on small scales

L(yx.)

» dwarf galaxies in voids n e = (107%,107%,5 x 1076,107°)
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Constraints on chameleon gravity
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» Non-linear regime is powerful for constraining chameleon

gravity

» Astrophysical tests could give better constraints than the solar
system tests



Vainshtein mechanism

» Models: nDGP with the same expansion history as

DP/P

LCDM »
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Screening of dark matter halos

» No mass and environmental dependence

0.10[ i
- ) 1 difference between
0.08 [~ ) 1 lensing and
[ : nDGP 1 dynamical mass
0.06 - —
Ay () NV dd(r)/dr
.04 FSROIECIIC0 TR X G Ko™ B H Apm\Tr) = —
0.04 £3% , W S92 ¢ %% M (I(I)+ (‘l')/d’l'
0.02
(I)_|_ = ((I)+\I’)/2
0.00
-0.02 i
-0.04L
1012

mMass Mo (Me/h)

Falck, Koyama, Zhao and Li
14004.2206



Profiles

» The fifth force inside dark matter halos is suppressed
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"T'wo features

» “Morphology dependence”

Vainshtein mechanism does not work for one

dimensiqaigl Yob{esty )(9'a’¢ )= 0

» Galileon symmetry
we can add a constant gradient to the solution
V(p = V(pgalaxy + V(lpLSS V(pLSS . const.

long )

wavelength v,
mode

D



Morphology

ORIGAMI finds shell-
crossing by looking for
particles out of order
with respect to their

original configuration

Halo particles have
undergone shell-
crossing along 3
orthogonal axes,
filaments along 2,
walls 1, and voids O

x (Mpc/h}

Neyrinck, Falck & Szalay 1309.4787



Dark matter particles Falck, Koyama, Zhao and Li
14004.2206
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Velocities Falck, Koyama, Zhao and Li
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Summary

» Successful modified gravity models require a
screening mechanism

Chameleon Vainshtein
Environmentally dependent mass Derivative self-interactions

Scale dependent growth on linear scale | Scale independent growth on linear
scale

Screening of dark matter halos depends

on mass and environment Screening of dark matter halos does
not depend on mass and environment

Strongest constraints come from objects

with a shallow potential in low density Strongest constraints come from linear

environment scales

Screened objects do not feel external force
(linear theory could not work) Screened objects do feel external force
(linear theory works well)



