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the (inhomogeneous) Universe
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backreaction for Einstein gravity

ds® = —dt*(1+ 2¢(x, t)) + a(t)*(1 + 26(x, t))(dx* + dy* + dz*)
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backreaction for Einstein gravity

ds? = —dt?(1 + 20(x, t)) + a(t)2(1 + 26(x, t))(dx® + dy? + dz?)

Goo ~ 3H>—2aV?¢+a?(30,00i¢ — 4pV>¢+8pV7¢) + ...

8T GNDyor(t) + 8T Gy (1)0(x, B)

G ~ —(B3H®+ 63) F 2272V (¢4 ) + a2 (=30:0ip+ .. )+ ...

247 G Pyor (1)

%
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backreaction for Einstein gravity

ds? = —dt?(1 + 20(x, t)) + a(t)2(1 + 26(x, t))(dx® + dy? + dz?)

Goo ~ 3H>—2aV?¢+a?(30,00i¢ — 4pV>¢+8pV7¢) + ...

8T GNDyor(t) + 8T Gy (1)0(x, B)

G ~ —(B3H®+ 63) F 2272V (¢4 ) + a2 (=30:0ip+ .. )+ ...

247 G Pyor (1)

%

first order: ¢(t) = —47TGNEM§—22(5 P = —pM)

local compact system: ¢ ~ —¢ ~ MM

K. Van Acoleyen (UGent) A possible catch 22 for large distance modifications of|

Paris, Unesco, July 01/07/09

3/9



backreaction for Einstein gravity

ds? = —dt?(1 + 20(x, t)) + a(t)2(1 + 26(x, t))(dx® + dy? + dz?)

Goo ~ 3H>—2aV?¢+a?(30,00i¢ — 4pV>¢+8pV7¢) + ...
~  8TGNDuor(t) + 8T G (1)5(x, t)

G ~ —(3H+ 63) +2a72V2(¢+ ) + a2 (=300 +...) + ...
247 GNPyoe(t)
first order: ¢(t) = —47TGNﬁM§—22(5 P = —pM)

local compact system: 1) ~ —¢ ~

higher order: ) = —SuM(q _ M 4

ra ra

GyM
ra

nearly everywhere in the in the linear Newtonian regime — only a small
backreaction (Ishibashi and Wald 2006)
Paris, Unesco, July 01/07/09
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backreaction for Einstein gravity

estimating the backreaction: (Kolb et al 2005):  d; ~ 5Hm foro; <1

V2 H\* a*0%
<p_zo>~ (47 Gy )?72, <0 = 5>~ H* 122202 ~ | — ) S5 ~ 6pH?
V2 Ho) 12
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large distance modifications of gravity

alternative to dark energy

H,
Gu(g) + Hu(g,®) = 8rGnTo <H33>~H2(—°)")

H
E-(g,m) = 0
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large distance modifications of gravity

alternative to dark energy

H,
Gu(g) + Hu(g,®) = 8rGnTo (Hgg>~H2(_°)n)

H
E-(g,m) = 0

@ homogeneous Universe: dark energy=modified gravity

@ gravity is everywhere: Earth,Solar system,galaxies,...,Universe
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large distance modifications of gravity

linear perturbations

Brans-Dicke, DGP, f(R), f(G),...

1
Gl + Hi + 5 (=292 + V(16 + ot + co)) ~ 87 Gupna(£) (1 + (. )
© 0 1
G/ + H® 4 5 (2V%(6 + ) + V¥(cad + o5t + com)) 0
a

1
E© 4+ ?Vz(cﬂﬁ + cgy) + com) 0
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large distance modifications of gravity

linear perturbations

Brans-Dicke, DGP, f(R), f(G),...

1
Gl + Hi + 5 (=292 + V(16 + ot + co)) ~ 87 Gupna(£) (1 + (. )
. © 1
G/ + H® 4 5 (2V%(6 + ) + V¥(cad + o5t + com)) 0
a
1
EO + SV (erd+ et + com) % 0

C (1) o a1GYM (1) o 22GWM (1) o, c3GuM
for a compact source: ¢\t A SNE )1 gy G2BNT ity SN
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large distance modifications of gravity

linear perturbations

Brans-Dicke, DGP, f(R), f(G),...

1
G+ HY + = (-2V20 + V2 (ad + et + cam)) ~ 81 G (1)(1 + 6(x, 1))

. . 1
G/ + H® 4 5 (2V%(6 + ) + V¥(cad + o5t + com)) 0
a

1
E7S.0) + ?V2(C7¢ + CSw + C97T') ~0

for a Compact source: ¢(1) ~ M rl/)(l) ~ M ﬂ-(l) ~ M
ra ra ra

Cassini: &2 = (—=14+107°)
2
(Bertotti et al, 2003)

ruled out, if the linearization is valid
inside Solar system
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large distance modifications of gravity

nonlinear terms ( Vainshtein 1972; Deffayet et al 2001; Navarro, KVA 2006 )

Hoo, H!, E,; ~ (V) tert

22(m+1) Hgm

o = = = Do
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large distance modifications of gravity
nonlinear terms ( Vainshtein 1972; Deffayet et al 2001; Navarro, KVA 2006 )

; (v2)m+1¢n+1
Hoo, H;, Ex ~ W
GuM (GyM)"
=] 1 ..
¢ a1 ra ( + (ra)2m+nH2m +
~ GNM RV 2m+n RV 4m—+2n (GNM)
A s (1+( ) +(ra) +... Rv = (~—5— H )2+
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large distance modifications of gravity
nonlinear terms ( Vainshtein 1972; Deffayet et al 2001; Navarro, KVA 2006 )

; (v2)m+1¢n+1
H007 Hia E; ~ W
GyM (GyM)"
& 1
¢ a1 ra ( + (ra)2m+nH2m +
~ GNM RV 2m+n RV 4m+2n (GNM)
T (1+( PG ) Re= (o )z

e f(R), Brans-Dicke: m=0, Ry =Rs — ruled out
(Erickcek et al 2006; Navarro and KVA 2006; Faulkner et al 2006 )
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large distance modifications of gravity
nonlinear terms ( Vainshtein 1972; Deffayet et al 2001; Navarro, KVA 2006 )

; (v2)m+1¢n+1
Hoo, H;, Ex ~ g2(m+1) H2m
GyM (GuM)"
= 1 ..
¢ a1 ra ( + (ra)2m+nH2m +

%

GvM RV vom+n |, RV \amt2n
2N (1+( BVyamin BV yami2 +)
ra ra

e f(R), Brans-Dicke: m=0, Ry =Rs — ruled out
(Erickcek et al 2006; Navarro and KVA 2006; Faulkner et al 2006 )

o DGP, f(G): m=1,n=1 Ry = (GyM/H})"?

GyM)"

V_(( H2m

) 2m+n

> all systems with § 2 1, gravitationally nonlinear regime

» order one backreaction? Hig <V2pV2p>n~ H36?
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f(G) gravity

nonlinear terms (KVA 2009)

_ 1 4 — 2 N nvoT
s = 167rG /dx\/ ZF(R® — 4Ry R™ + Ruyer RMT)

B 167rG / d'xv/=g (f5(G)(R® — 4R R" + Ryuor R™7" = G) + £(9))

~8 Ho \ o (V2 ¢V 1p — 8i0;¢0i0;
0~ (9GS (Viovtu — ddjeaopw) ~ (Hoy TVOVY = 00,000)
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f(G) gravity

nonlinear terms (KVA 2009)

_ 1 4 — 2 N nvoT
s = 167TG /dx\/ ZF(R? — 3R R™ + Ruper R™°7)

- 167rG / d'xv/=g (f5(G)(R® — 4R R" + Ryuor R™7" = G) + £(9))

s Ho o (V20V20 — 0,000,
£ ~ fg(og)gy (vquv%—a,-c’)jw,-é‘jw) ~ (ﬁo) U ¢H2 o)

T(V2V2p—0:000:0;0) 2 (V2 V2 r—0:0;00,0;m) 2 (V2 2eh—8,0,m0i0))

'Galileian” symmetry (Nicolis et al 2008):
T—=T+ar+bixi ¢—d+ap+byxi Y —P+ay+ byx
@ shift symmetry — total derivatives in eqs. — averages out to zero!

@ extra 'Galileian’ symmetry — no extra degrees of freedom
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summary/conclusions/outlook...

@ cosmology takes place in our world

@ it is not impossible to modify GR in the infrared

> consistent with the SS constraints (nonlinear Vainshtein mechanism)
» without abandoning the FLRW framework

@ 'gravitational energy' averages out to zero, because of the shift
symmetry in the nonlinear term, f(G), DGP (Lue 2005)

@ a full matching of the linear and nonlinear regime, N-body
simulations: still quite a challenge
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