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A breakthrough discovery in physics

The @accelerating expansion of the spacetime of
Universe

Discovery
Expansion rate of the Universe
measured using supernovae 1998-99
(Nobel prize 2011)

soung " NEUAHTI Confirmation
Cosmic Microwave Background
Expanding universe " measurements, 2003

The accelerating Universe ehdléngésakixstaneas Gements,
RAl~+iviik (D 2004

G =8rGT),
Spacetime curvature = Matter
distripution ,
GeneraFE{e ativity

Time
(=15 billion years)

Attractive force among matter particles

a decelerating expansion of spacetime
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e accelerating Universe @hﬁﬂéﬁg?éﬁa%ig)ﬂégfm@@@ﬁémm

One of the most profound problems in science today!
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The expansion of the Universe can accelerate
78RN

To modify General
Relativity

In GR, to add new
‘repulsive matter’, which
contributes 70% total

Dark Energy Modified Gravity

~

G = 87GT,, Gy = 87GT,,
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Modified Gravity

Resemble GR+L

Cosmological
scales
R>GpcC

Small scales
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Modified Gravity

Observationally
testable feature

Resemble GR+L

Structgre Cosmological
formation scales
scales
R>GpcC
Mpc<R<GpcC P >
Small scales Large scales
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Recover GR

Galactic scales
R<Mpc
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Cosmological tests of GR on linear
SHGAlRS
Galaxy scales ‘ formation Cosmological
_scales scales >
Small scales Large scales
The deviation from GR is encoded in ei i@
O = —u(a, k)4rGa®pd '
o _
E — ’7(&7 k)
In GR, m=g=1
A smoking gun of modified gravity:
m and/or g deviates from 1
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Structure .
Galaxy scales formation Cosmological

scales scales

High-resolution numerical simulations, GBZ et al, Phys. Rev. D 2010
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Linear perturbation in FRW universe
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In default CAMB (GR)

CAMB code M+B ' 96
astro-ph/9506072
n'k =dgq/2 nl ket =4 aGari(o -+ B)d
Differential equations to evolve in CAMB
clxcdot| | ke ol _Eh'
e

z = (0.5dgrho/k +nk)/adotoa | k’n———h'=47Ga’ST,)

Constraint equatlons akg éf)ralc
sigma = z+1.5dgq/k’
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In MG (arXiv:1106.4543)

kW = —p(k, a)drGa*{pA + 3(p + P)o},
K°[® — ~(k,a)¥] = p(k,a)127Ga®(p + P)o,

U =&+ Ha,

— (} ' 2
—n—Ha. a = (h+617)/2k

k(6 + Ha) = =2k, a){pA +3(p+ P)o},

3K

—Ha —vy(a+ Ha) = 2k2”(

p+ P)o,
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a={n+ g5 A +3(y=1)(p+P)ol} /H

K
n—?{a—%r‘, I'=vA+3(1+wo(y—1).

{2HT — 3H(1 + w)T + P74 T} .

ﬁ:?{&+%ﬂ—m p
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3Kp

™~

n o= %{(1 + w) [wﬁ’ (1 + o (1 w)) + kK a(uy — 1)] + Afuly = D)H — fry — yul

+ 36(1+w)(1 —y)p+3c(l+w) Bwu(y—1)H — (v —1)p — p¥l},

D=k*+ 3;7;5;}(1 +w). (MGCAMB)

. Kp
=" (1 6
=5 W) (CAMB)

(u=y=1)
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Example 1:
(model=1, 0809.3791)
1+ a,k’a’ 1+ Bk*a’
pak) = > Nak)= s
1+ a,k’a 1+ B,k"a
— M- 1 - - ~ . i () ~
SE' = fdiI —4 |:TPR . Hg”y(vnﬁb)vv@ = V({P)] 35 Sz (Xi:- E_h&t{q‘;)g#y) .
1+ (1 ¥ %&’2) =
f"t(ﬂ'v k} = k2
1 5 3 aZm?2
1+ (1-4o?) 25
d. k] =
V(@ k) 1+ (1+ 2a?) £
School on cosmological tools, Madrid 14/11/2013
(- y




1)/D(GR)

D(U’.t )(0.2,5.&

01

Q,fﬁ"'.&k
P8

N

N
£

o

%""E

4
o,
ﬁl’ 3"

[[1}"0.2 =2, 58=1

ﬂ1fﬂ2n2,sn3

0y f{IE =.5 5= 1”- s

1

@ School on cosmological tools, Madrid

=1)/D(GR))

D(e foe 5,8

e
T

N

3t

Nl

=

i fu2=2_ 5=1

GR

01

1 0

14/11/2013

/




10000

1000

100

10

< 1 — CGR
a o fo,=2,5=1
o1 — o fo,=2,5=3
0.01p a,/0,=0.5,5=3
1E-3 D — OL1/OL2=O.5,S=1
1E-4 p
1E-15E\-3\~~ 001 o1 1 10 100
k

@ School on cosmological tools, Madrid 14/11/2013 /




Example 2: Linder’'s g
(model=6, astro-ph/0701317)

o Alk.a)\ N
/= Tha (l”a(ﬁg, a.z-)) = [ (a)]

! !

2 H
— 2071 oY - L "In (Q,,,
L Sﬂm [ﬂm+2—|— +'}rfﬂm—|—';r' n Q)

b= gﬂ;ﬁgl ), +2-37+3(y—3) U +9' In(Qm)]| (LCOM)
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Example 3: f(R) gravity [Hu-Sawicki model]
(model=8, 0705.1158)

S = fd‘ijj\/__g [Rzé;(R) +£m}
f(R) = —m? c1 (R/m?)™

ca(R/m2)* +1°

Gap + fRRas — (g — DfR) 9og — VaVafr = Kk"Tas

30fr — R+ frRR—2f = —k“p.
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2

V26 fr = — = [R(fr) + 8nCpy],

16mG

2
D =
v 3

42
a*bpm + FéR(fR);

¢ n(—R/m*)"~' ncl(mz)ﬂﬂ
G (-R/m*)"+1 ~ G \-R

V25 fp = 288 fn — o a%Spu,

_ _ . 1/2
il = 1 R ( R ) i
’ 3(n+1) [fro| \ Ro |
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u—4__ (may
3 3[k* +(1a)’]

2k?
y=l-————
[3(za)” +4k"]
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