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Overview

® |ntroduction: Modified gravity

® Theoretical and Observational signatures;

® Expansion history

® Growth history

® Observational constraints;
® Solar system
® Weak lensing
® Nonlinear regime: Perturbation theory

® Nonlinear regime: Simulations

® Conclusions
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Introduction

Sen=] -gd'x [

167G m}
Cosmic acceleration

e Dark energy
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Examples:
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Modified gravity

® Could the late time acceleration be attributed to additional gravitational degrees of freedom?

® Rather than the Einstein Hilbert action

Sun=J 8 o

1
m} R, ~ 8, R =87GT,,

167rG

® One could consider a generalized action of the form

e e

167G

® Purely phenomenological; can different (toy) gravitational models fit the data?
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f(R) models

. R+ f(R)
f(R) gravity S=\|./[—0d* — L
J ﬁ x{ 167G m}

Field equations

| 1
Ry _guvR I Ruva _ _g,uvf T [guvm_vyvv]fR = Sﬂ:GTuv

Vo9 2

The equations now contain fourth order derivatives of the metric
Can the additional terms drive late time acceleration!?

There is a new, scalar degree of freedom that propagates

Jr =

df
dR
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LUDWIG-

N EE Chameleon mechanism

Chameleon mechanism; the scalar field has a mass that depends on the ‘background’ energy

density: d
" o= dg FBe’p, Vi, (9)=V(e)+ep,

In regions of high density, the ‘effective’ scalar field potential is very large and the field does not
propagate.

In regions of low density, the potential relaxes.

The (only important) question; can the scalar field roll on cosmological scales!?

° Khoury (2004)
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Modified gravity:
Cosmology

® By taking an FRW metric ansatz, we can write down the
modified Friedmann and acceleration equations

ds’ =—dt* +a*(t)| dr’* + 77 (d6” +sin’ 0d¢’) |

3H® =8nG(p, + p,)+3(H*+ H)f, —g— 3Hf,

2H —3H® =87GP + J. + 2], +§—<H+3H2>fR

p +4Hp =0 General Relativity

® We have the freedom to specify the f(R) function; we can
reproduce any expansion history...

® |ntroduce an effective density

8Gp, = 3(H + Hz)i— I 3um i
R 2 R
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Modified gravity:
Constraints

® However f(R) models are subject to stringent theoretical and observational constraints,
which restricts the allowed expansion histories

® Theoretical constraints

® No ghost 1+fR > ()
® No early time instability fRR > O ®  Dolgov Kawasaki (2004)

® No cosmological constant f(R — O) =0

® Return to GR at early times RfRR — 0

R — oo
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Modified gravity:
Theoretical constraints

® The only viable ’
functions are
monotonic and 05 |
asymptote to GR
to the past.

1+fx(R)

09

0.85 -

08 | | | | | | | |
12 3 4 5 6 7 8 9 10
Present time

R/R 4

® We can describe such a function with two ‘modified gravity’
parameters.
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f(R) models

® Simple parameterizations of the f(R) curve are considered

]('(R):_Rvac A(R/Rvac)n A, > 1 n>0 ®  Huetal (2007)
2 1+A (R /R . )n e  Starobinsky (2007)

R AR, Y
® At large curvatures, f(R)=- mc(l—l 1( mc) ]

® At early times, viable models behave as the standard ACDM
model

® However, there is no true cosmological constant! Minkowski
space is a vacuum solution to the field equations.
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f(R) models

® Constraints on f(R) models;

® [ocal, solar system tests of gravity

® Cosmological signatures
® Luminosity distance-redshift relation

e CMB

® Matter power spectrum
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Modified gravity:
Observational constraints

system
oo =—1+2U

g, =(1+2U0+(y-1)U)$,

ij
® Shapiro time delay measured
by the Cassini probe

| ’}/ — 1 |< 2.3 X 10_5 B. Bertotti, L. less, P. Tortora (2003)

Effect due to modified gravity = ®  (Huetal, 2007)

~_ |
ds’ = —|:1 — 2A(r) dt2 + [1 + 2A(r):|(dr2 + rde)
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V’A=—-4nGp, + é(SnGpm —R)
V’B = %(SnGpm ~R)
1

V£ :—g(SnGpm—R)

Modified gravity:
Observational constraints

® Solving these equations corresponds to the following

constraint: (Hu et al, 2007)

ly—123%x107
GM.

I

S

fR(Rsol) ~ (7— 1)

GM.

I

S

=2.12x107°

Rsol ~ 877:(;10501

psol ~ 10_24 gcm_3 IO

~107 gem™

crit

| fo(R,) |~

Ry <49x107"

M2

scal
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Modified gravity:
Theoretical constraints
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Modified gravity:

Observational constraints
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f(R) models

® Constraints on f(R) models;

® [ocal, solar system tests of gravity

® Cosmological signatures
® Luminosity distance-redshift relation

e CMB

® Matter power spectrum
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Observational signatures:
Expansion history

® Background cosmology of f(R) models;

2
ds® = —dt’ Jrcf(r){1 drk ~+7r°(d6” +sin” 6d¢2)}
— Kr
3H? =8nG(p,+p,)+3(H* + H)f, —g— 3Hf,

2H —3H® =87GP + J. + 2], +§—<H+3H2>fR

p +4Hp =0 General Relativity

® Fourth order field equations. To simplify, we only consider the
parameter range for which the ‘quasi-static approximation’ holds

Rvac /l(R / RWZC )n
2 1+A(R/R,,)

fRR(RGR)<< H(Z;R f(R):_
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Observational signatures:
Expansion history

® Background equations in the quasi-static approximation

3H> =8nG(p,+ p,+ P, )+ @, forH*

/ p.+4Hp =0

Model dependent constant of p.+3Hp, =0
order unity R, AR/R,)

z ’ R) = — —vac
dL(z)=(1+z)j cdz /() 2 1+A(R/R,.)
0

log[Ho di(z)/<c]

0.0 0.9 1.0 1.9 2.0
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Observational signatures:
Growth history

® Perturbation equations (scalar perturbations only, Newtonian
gauge) Bean et al. 2006

ds’ = a’ | —(1+2y)dv” + (1-2¢)y dx'dx’ |

8"+ HS +k’w—3¢"-3H¢ =0 . :
ctHO + Ky — 3¢ 0 ™~ Fluid perturbation

6] + %kzﬁy + %kzl// —4¢” =0 < equations are unchanged
3a’
A+ f )W — @)+ frgOR = _WSﬂ:GZi(pi + p;)0;

(I+ f)| 2K°0 + 6H (¢ + Hy) |+ 3 fou H SR — (K frg + 3Hf{x)OR — 3Hfxo SR + f{(6Hy + 3¢") = -87Ga’Z .6,

’”

SR = %[—6a—1// - 3HY +ky —9H ¢ —3¢” — 2k2¢}
a

a
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Modified gravity:
Evolution of perturbations

® To solve these equations, we use the quasi-static limit

® At background level, the f(R) funtion satisfies

fon <H?,H
® The dominant contributions arise from terms involving
-1 2 k’
Jre = 3M —
a
® Approximate equations
2 ) B 3a°M?* +2k*
k"9 =-4nGQ(a,k)a’o, 0= VIR
v =[1+n(a,k)l o 2K
3a’M” + 2Kk
B 4k* +3a°M*

) - i .
5. +2HS, —AnGp.6(a,k)8, =0 NEFEIYE

Tuesday, November 8, 2011



Cosmological constraints: CMB

e CMB angular power spectrum;

0.05

— 6000 0o |
4 c [
3‘ 5000_ % _OOO:’ """"" :- 3
E - I " A, ~ 10
N 4000 a) '
N _ —0.051
O 3000F ¢ ;
+ 2000F S -0.10f
< w ¥

1000 F= " 15

10 100 1000 10 100 1000
Multipole (1) Multipole ()

R A(R/R,)
f(R):_ ;{ac ( vac) -
1+A(R/R,,)

® Very low modified gravity signal in the angular power spectrum,
even on large scales.
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Modified gravity:
Perturbations

® The power spectrum is modified at late times
5.(2,k) ]

8. (z=10,k)
® f(R) models generically lead to mcreased power at
‘intermediate’ scales - ——

® Pizk)=P,(z= IO,k)(

10000 ¢
R. A(R/R,) . -

R — vac vac
M= e,y z
; |
A~10 100 |
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Modified gravity:
Constraints

® The growth history is far more sensitive to modified gravity than the expansion history

® Weak lensing will provide the most stringent constraints® (cluster number counts are
exponentially sensitive to the amplitude of the matter power spectrum...)

® How well can future missions constrain these models!?
® FEuclid:
® Full extra galactic sky survey with |.2m telescope at L2

® Optimised for weak gravitational lensing

® Measurements will be precise enough to reconstruct the growth history in several redshift
bins, allowing us to reconstruct the metric potentials and hence constrain this class of
modified gravity models.

® To maximize the constraining power of future surveys, we must also construct the non-linear
power spectrum.
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Modified gravity:
Weak lensing

Modified gravity signal on nonlinear
10000 : scales is suppressed by
: non-linear effects
(the chameleon mechanism.)
X 1000
R N
100}
101 . .
0.0 0.10 1.00
k (h / Mpc)

Tuesday, November 8, 2011



Modified gravity:
Non-linear regime

® Use higher order perturbation theory for the mildly

nonlinear regime
o =( o(r k) ) T = log|a]
. —~8(1, k) :

8®,(r, k d°k,d’k
0(7_ ) + Qs ®s(7. k) = / (217‘_)3 25“(k — k1 = ko) Yabe (7, k) @s (k1, 7) Do (k2, T)

0 -1

Qab = ; 2 !
_AnGpm g ok . H
H* (1 t 3{2"“(0,}(]) 2 1 H*?

2 e
[I{a, k) = (k—2 + i) S l 1+ k, .k, .
e 3 =g Ik, |2 Higher order vertex
L), Kk function
M2 =5 (1 + |k2|2) unctions
. 2
$, =0 + P + Y 4 ... Yo22 = Lk kolk, 41y
N _ P 4 pl2) (13 2 [l ?kef?
Pab(k,T) = Pab '(k,'r) -+ Pab '(k,'r) -+ Pc;b (k. T) + ... N o 1 8770/7", 2 (kl + k2)2 .'1’[2(0)
T U10H2 3 a2 TI(1, kp)II(7, k )II(7, k2)
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Modified gravity:
Non-linear regime

® Use higher order perturbation theory for the mildly

Taruya, Hiramatsu (2007)

nonlinear regime; closure relations Koyama, Taraya, Hramatsu (2009
(2m)%0p(k + K )Rap (K|, 7, 7") = (Do (k, 7), Py (K, 7)) T>7 < 5(7, k) )
b, = ’

0P, (k, )

3 1/ AR ) / _

(27)°6p(k — K)Gap(|k|, 7,7") <5(I>b(k’,7’)> T>T @(7‘, k)
0

Aab(k7 T>Rbc(’k’7 T, 7-/) =0 Aap = 5abE * %ab(k; T)

Aab(ka T)Gbc(‘k‘, T, ’7',) =0 Fa,bcd — 5acébd5 + 5acﬂbd(k, 7') + 5banc(k, T).

LCopea(k, 7)Pg(k|, 7) = / dT”Mas(k,T,T”)Rbs(k,T,T”)—1—/ Nos(k, 7, 7"Gps(k, 7, 7")

1 ki.k
T112(k1, ko, 7) = 5 (1 + |111|22)
B 1 87TG,Om 2 (/ﬁ —+ kg)z MQ(CL)
12H2 3 CL2 H(T, klg)H(T, kl)H(T, kg)

Yo11(k1, ko, 7) =

® Extra terms; backreaction of the metric perturbations on the
f(R) functional form (the chameleon mechanism!)
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Modified gravity:
Non-linear regime

® Ve observe the effect of the chameleon mechanism in the
mildly non-linear regime

0.25 - - - . - - - - — . 17

Non-linear

Linear -------
Non-linear ] 16 |
- Linear ------- ]
02 i

15 |
< ot15f <

'f - n\? 1.4 +
% :
\6: o
’ I (O]

& 01} © sl
x <
= : Q

- 12 |

0.05 +
1.1 F
0 -
0.05 0.1 0.001 0.01 0.1 ]
k (h Mpc™ k (hMpc’
(hMpe") (Thomas Appleby Weller, 201 I) (hMpc ')

® Can use the mildly non-linear regime to calibrate fully non-
linear fitting formulas.
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Modified gravity:
Non-linear regime

® Perturbation theory cannot be trusted above k ~0.1% Mpc™

® Beyond this, we must use alternative approaches (N-body
simulations,...?)

® The PPF formalism,

/ Pox|

( P(k) - Pcr(k) )

Pno—cham(aa k) + Cnl(a')zz(aa k)P(}l{(a: k)
1 + cufa)X?(a, k)

P(a, k) =

Hu, Sawicki (2007)

® Requires simulations
to calibrate!

A(K) / Paochamekon

k [h Mpc') k [h Mpc')

Koyama, Taruya, Hiramatsu (2009)
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Modified gravity:
Fisher matrix analysis

® How well can future missions constrain these models?
® Fisher matrix analysis

® (Calculate the shear power spectrum for these models

4 | |
® Take two cuts in the data Cii(l) = ZZ dXWz(X)?/J () Py (i’x)
X X

® Conservative [,, =400 (only consider the linear regime)

® Include nonlinear physics |~ 10000 (using GR fitting function; used as an indication of
possible gain due to using the nonlinear regime only!)

—2v
My a”+4a’ 1
® Parameterize the f(R) function as frr(@)=— S My>H, v>—
3 ( 1+4a. 2
Euclid
: ‘ 1y = P (2 00 n(z) x z%exp[—(z/z)"] m = 0.9
F, =ZZ—CC°"” g_c Ci(l) = Py + (1) 3 (2) pl-(z/)] =
o N 20’000 square degrees 20 = zm/1412,a =2, = 1.5.

40 gal/arcmin?
5 Tomographic bins

Q,., h, In(Ag), ©; and n,
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Modified gravity:
Conclusion

® The expected constraints on f(R) models from future surveys are at least two orders of
magnitude greater than current cosmological bounds.

® These constraints will be tighter than those obtained from local, solar system tests.

® We must be careful to analyse the nonlinear regime correctly!

® The parameter space must be explored in further detail to determine whether the scalar
field can roll on cosmological scales.
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