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the (inhomogeneous) Universe
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backreaction for Einstein gravity

the metric of our Universe (Ishibashi and Wald 2006):
ds® ~ —dt*(1+2¢(x, t))+a(t)?(1-2¢(x, t))(dx*+dy>+dz?)
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backreaction for Einstein gravity

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

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

Goo ~ 3H>—2a7°V’¢+a ?(30,00;¢ — 4pV¢+8pV0) + ...
8T GNP (t) + 8T Gnpp, (1)(x, )
Gl ~ —(BH*+ 62) +2a72V3(p+ 1) + a2 (—30:00ip+...) + ...
247 GNPy ()
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backreaction for Einstein gravity

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

Go ~ 3H?—2a72V2¢+ a2 (30;00:6 — 40V + 8HV29) + ...
87TGNptot(t) + SWGNpM(t)é(Xv t)

G~ —(3H*+ 62) 2372V (g + 1) + a2 (<3000 +...) + ...
R 247 GNPyoe(t)
first order: (1) = —47TGN,5Mé—225 P = —pM)

GyM
ra

local compact system: ¢ ~ —¢ =

K. Van Acoleyen (UGent) On the cosmological backreaction for large distance m: June 19 2009 4/16



backreaction for Einstein gravity

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

Goo ~ 3H?>—2a7°V?p+a % (30,000 — 4YV?¢ + 8pV>¢) +

~ BTGNP (t) + 8T GNPy (1)I(x, )
Gl ~ —(3H*+ 62) +2a72V3(p+ ) + a2 (—30i90ip +...) +
247 GNPy ()

R

%

first order: ¢(t) = —47TGN,T)Mé—225 P = —pM)
local compact system: ¢ &~ —¢ ~ SuM
higher order: ¢ = — GNM(l G"’M oY)

nearly all local objects are in the linear Newtonian regime
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backreaction for Einstein gravity
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backreaction for Einstein gravity

@ backreaction linear fluctuations (Kolb et al 2005):

O~ Ou iy
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backreaction for Einstein gravity

@ backreaction linear fluctuations (Kolb et al 2005): &, ~ JHW

V2 2-2 a 4,2 252 H\* 345.%1 2
<¢?¢>% (47TGN) Pm <(5ﬁ5>NH L“a (5LN ﬁo TN(;HH

K. Van Acoleyen (UGent) On the cosmological backreaction for large distance m: June 19 2009 5/16



backreaction for Einstein gravity

@ backreaction linear fluctuations (Kolb et al 2005): &, ~ 6Hm

V2 2-2 a 4,2 252 H\* 345.%1 2
<¢?¢>% (47 Gn) oy <5ﬁ6>N H*L?a%67 ~ Fo I ~ dyH

@ backreaction from 'nonlinear’ compact sources (Gruzinov et al 2006)
Vv? » M? Rs
<Pp—5 P>~ n,Gy—— ~ GNp,—
¢32 (b oYIN R Npo R

(gravitational energy ~ M%?)
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backreaction for Einstein gravity

@ backreaction linear fluctuations (Kolb et al 2005): &, ~ 6Hm

V2 2-2 a 4,2 252 H\* 345.%1 2
<¢?¢>% (47 Gn) oy <5ﬁ5>N H*L?a%67 ~ Fo I ~ dyH

@ backreaction from 'nonlinear’ compact sources (Gruzinov et al 2006)

V2 M2 Rs
<¢?¢>N noGN? ~ GNpOF

(gravitational energy ~ M%?)

% backreaction in present universe is small ~ 1072

* if at some era R — Rs for the dominant matter sources — order
one backreaction
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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
Goo + Hoo + =5 (220 + V(16 + v + cam)) ~ 8 G (1)(1 + 8(x, 1))
. . 1
G,-’(O) + H;(O) + = (2V3(¢ + ) + V?(caop + 59 + com)) ~ 0
a
1
E7S.0) + 7V2(C7¢ + CSw + C97T') ~0
a
for a compact source: ¢() ~ LE’;"M 1) & 7‘122""” 7)) o 23GuM

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 )

. 2\m+1 n+1
HOOvHilaEw ~ (v ) ¢

a2(m-t,-1) Hgm

o <& = E D¢
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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 —32(”"“1)H§’"
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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
a2(m+1) Hgm

b (1 Gy )

a)2m+nH2m

Hoo, H!, Ex

l

Q

a ra

GyM R R

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

@ massive gravity: m=2,n=1 Ry = (G/\I/\/’/f'/g)l/5

e DGP, f(G): m=1,n=1 Ry = (GyM/H})'"?
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large distance modifications of gravity

estimating the backreaction

(v2)m+1¢n+1 (GNM)n+1 G Ry 2m+n
2 pgm = e gaminpgam ~ ONPo \ B

if R — Ry for the dominant structures — order one backreaction.
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large distance modifications of gravity

estimating the backreaction

(v2)m+1¢n+1 (GN M)n+1 G RV 2m+n
32(’"+1)H§m >~ Mo R2m+nH§m ~ GNP, F

if R — Ry for the dominant structures — order one backreaction.

loophole: if nonlinear term is a total derivative, average gravitational
energy is zero
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f(G) gravity

FLRW solutions
o full equations:

1
167TGN

/ d*xv/=g (R +f(9)) (G = RP—4Ru R* 4+ Ryyor RT)
1
Guv + 4Toup VOVP g + 5gw(gfg —f)=81Gn T,

R
Tauﬁu = RaupBr — (Raﬁguu . ) + E(gocﬁguu - gowg,uﬁ)

@ Friedmann equation:

- 1
Goo + Hoo' = 3H + 12K — S (GOF” — 1) = 8 Gupy,

g = 2aH22 o 1
a

@ cosmic self acceleration (De Felice, Tsujikawa 2009):
0 Ho 0 1 Ho
GOD — O~ ()", fid ~ g ()"
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f(G) gravity

linear perturbations

1 . _
G +HY ~ SV (26 — 8HE 6 — 4HPRYG) ~ 87 Grpud

. . 1 ; ; SRS
¢V HY ~ v <2(¢ + )+ 810 + 87V Hy + sgfg(g)g) ~ 0

g —izv2 (16é¢+ 8/—/%)
a a

Q
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f(G) gravity

linear perturbations

1 . _
G +HY ~ SV (26 — 8HE 6 — 4HPRYG) ~ 87 Grpud

. . 1 ; ; SRS
¢V HY ~ v <2(¢ + )+ 810 + 87V Hy + sgfg(g)g) ~ 0

g —izv2 (16é¢+ 8/—/%)
a a

Q

™

G
0]
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f(G) gravity

linear perturbations

1 1
G(go) + H(go)

"+ Hi

(¢))

E@)

e

Q

1
§V2 (—2¢ + c1¢ + o) ~ 87 GNPy,

1
?vz (2(p+ ) + 30+ cath + csm) = 0
1

= V2 (cho + drp) + dsH>m ~ 0

a

H
C,'N(Wo)n, d,Nl
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f(G) gravity

linear perturbations

1
GO +HY ~ SV?(=20+cd+ cm) ~ 8rGupys

2
(¢))

. . 1
G+ HY & V204 0)+ o+ ct+ sm) 20

32
1
EW =~ ?v2 (dip + dot)) 4 dsH?*7 ~ 0
Ho .,
G~ (W) 5 dl ~1
7'('(1) o (ﬂ)n 47TGNpM5H
Ho' V2/a? — H2({h)r
47 Gnppya®o Ho\» 1
oV = NEME (D)
VAL () H
MO AT Gnpya o ﬂ)n o)

2(1 + (Hoym) H
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f(G) gravity

linear perturbations

1
G+ HY ~ VP (-20+ ag+ o) = BrGupyo

l

. | 1
GV +HY x SVR(20+ 1)+ cad+ c+ ) & 0

Q

E@)

us

1
SV (chop + dotp) + dsH>m ~ 0
a

%

ﬁ n 47TGNpI\/I5
Ho V2/32 _ HQ(HﬂO)n

) p— (
— 2
g0 = _Towpwao Moy,
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f(G) gravity

nonlinear terms

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

- e / d'xv=g (f5(G)(R’ = 4RwR" + Ruvor R™7™ = G) + (9))

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

nonlinear terms

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

= forg [ €V E (BOR —4RLR™ 4 Ruor 77— G) +1(0))

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 egs.
@ extra 'Galileian’ symmetry — no extra degrees of freedom
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f(G) gravity

nonlinear terms

@ local effect

G’:aM(l + (’f—“;/)3 +...)  (Rv=(GuM/H?)'?)

¢=o

all localized structure with (Ry/R)® ~ & > 1 is in the (gravitational)
nonlinear regime
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f(G) gravity

nonlinear terms

@ local effect

G’:aM(l + (’f—“;/)3 +...)  (Rv=(GuM/H?)'?)

¢=o

all localized structure with (Ry/R)® ~ & > 1 is in the (gravitational)
nonlinear regime

@ average effect
<V2pV?r — 0;0;¢0;0;m >= 0

no backreaction...

K. Van Acoleyen (UGent) On the cosmological backreaction for large distance m: June 19 2009 14 / 16



f(G) gravity

matching the linear with the nonlinear regime

@ isolated body on a cosmic background (Navarro,KVA 2005)

SCALAR-TENSOR ’2 ny SCHWARZSCHILD
CALAK -

é”ﬁ:"‘”“‘fi’m*

@ N-bodies on a cosmic background? (one can not just add forces!)
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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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