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ABC of Cosmology

Evidences of an Accelerating Universe
Standard Cosmology (Background Evolution)
Dark Energy vs. Modified Gravity

Duality and Discrepancies between DE and MG
Perturbations (Observables)

Summary
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1.Hot Big Bang
Model (NASA)

2.Modern
Cosmology (by

S.Dodelson)

ABC oF COSMOLOGY
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

het-
al to

MASAMWMAP Scivnco Team
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Friedman equations /~ [ 171

N2 a 4??@ A
a 8 A oo
H? = (4:_1) —E pt—— 3 a Zp¢+3pz) 3
Critical density and density contrasts
3H? A :
p— _ p'! pA
Pe= sxct M7 8xa =m0 =

Curvature

k Very small
g2 Q, +Qp — 1) = H*(Q Qp — 1 -
a? (; o ) (S2ar + ) (negligible)

EOS (equation of state) (sorry for typo! P = w*rho)

p=wP, w : equationofstate (eos), w, =0 :matter, w, = 3 : radiation

(p +3P) = (1 +3w)p > 0 for matter and radiation
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Lumi nOSity Distance (For students, arXiv:astro-ph/9905116)

( sinh(|Q[Y20) if Q>0
dr, = (14 2)| Q|2 | V2T if Q=0
sin(|Q[V21)  if Q<0
z (2
o H(z')

H(z) = Ho/( +28309 + (1 42200 + fz)0"
2 (1 twe(z)
flz) = exp(ﬁ_/; d? T2 )
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DARK ENERGY VS.
VM ODIFIED GRAVITY

Bad Management

(original background)
or Someone was here

(source of disturbance)?
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0Guw + Ruy — 38uwR = 8rGT M 4 87 GTHE

Requirements from the observations

DE : WhHE = —1 and QDE ~ 0.7
MG : well-defined infrared limit obeying causality

. MG CGR
CSLw = Sow
Still require Dark Matter in both theories except TeVeS
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Cosmological constant

Quintessence

Ouintessenoe Povential

Reformonce e

Thexp( —Ag)

ol e >0
2 g2 Ayt

Volexp M /o — 1)
Thexp (AgT) /o™
Toleosh Ag — 1)V

Vosinh 7 [(Ag)

‘,-U[‘pA'O -+ (,:h:o’
‘b[(¢ - B]n 4 :l]‘,» A

Vo explA(&r/M )7
Vo cosh [/,

Ratra & Peebles ( 1938), Weatterich ( 1988,
Forroira & Joyeo [ 1998)

Ratra & Peebles ( 1988)

Frieman o1 al ( 1995)

Ziavev. Wang & Steinhardt ( 1999)
Braoe & Martin ( 1999 2000)

Sahni & Wang (2000)

Sahni & Suarobinsky (2000 .
Urena-Lopez & Matos (2000)

Barreiro, Copeland & Nunes ( 2000)
Albrecht & Skardis (2000)

Lew, Olive, & Paospeloy (20044)

w=A?/3 -1
A>55 45 <0.1 (.15
w > 0.7

PNGB M*Yeos(@f f) -+ 1]
Q, >02.w < —08

& > 1l ~ —082

p< /2w < —-1/3

carly tme inverse paower
later e @ exponential

a>55.9 <08.w < 08

w o~ =1
W~ =1
W~ =1
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Model 0 Ret

Modified polytropic Cardassian [Aa3?(*—1) 4 Ba—39]% [10]
New generalized Chaplygin gas Same [11]
ACDDM g =1, =1 [12]

Cardassian expansion g =1 [13]
Polytropic Cardassian =1 [11]
generalized Chaplygin gas =2 [14]
variable Chaplygin gas g = 2 [15]
Chaplygin gas v =2 g=1 [16]
Modified Chaplygin gas (A + Ba 7)7 [17]
Exponential Cardassian (Aa™7 + Blexp[( - L515) "] [[18]
Extra dimension inspired Aa 71 +exp(—Ba 7)Y [19]
Phenomenological approach A(l + Ba )P Y[1 + Ca™ 7] |[20]

Leaking gravity (DGFP)

Aa > +B — /B2 + ABa—~*
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A broad class of alternative gravity theories

Y : matter fields

¢ : a scalar field

S= [ dev g5 0) + Loloun, 6,00)+ Loy, V)
£o= L0007 - V()

(0¢)* = VuoVho. F(R,¢) = Of(R, ¢)/OR.
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Generalized gravity | 5 f(R,¢) Ls(,09) p(R.¢) @ V(p) |Ref
Nonlinear gravity +f(R) w=0,V=0 p=F(R) lnF i
R*gravity LR+aR* | w=0,V=0 |p=1+2aR SnF PR L]
1/R-gravity  |s(R—p'/R)| w=0,V=0 |p=1+u"/R* dnF ]
Scalar-tensor theory| JF@R | w(0),V(#) | p=F() |[\/4+35dg| % |1
BransDicke theory | ¢R  |w(¢)=2%,V=0| p=0 “ 438206 0 |[5]
Dilaton 'R w(g)=e " V=0| p=e? g 0 |[6]
NMCsalar — |}(1+63R| w=1V($) | p=1+g" | g4 V17
CC(E=53) W1+ )R| w=1V() |p=1+1¢’ | VGtanh™ ;“}g ;“;;ﬁ 8]
Induced Gravity | Le¢’R w=1, V(9) p=ed? Jo+tme | L ]
GR with a scalar 5 w=1 V(o) p=1 o V
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Friedman equations

HZ—CSH: 87 G

3 Pm
2 _ 8nG
12 = 555 (py + o)
_ 1 _1dIndéH
wpE = —1 — 37573
oH WDE
— -
-H
— 2%2%; —H% -1+ iani;_’::?
@
DGP 4 -
Metric f(R) i ( $(FR— f) —3HF + 3H?(Fo — F))

Palatini f(R) gh-(3(FR— f)+ 3F + 3HF - $F & + 3H*(Fy - F))

oy 2F—2HF —4H (Fo—F)
FR—f—68HF+6H2(Fo—F)
2F —2HF -3F E, _4H (Fo—-F
) i (Fo—F)
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Perturbational Evolutions

Table 2. Comparisons of H(z) and evolution of the linear perturbation dp, with the effective gravitational con-
stant Gag in each model. In metric and Palatini formalism the perturbation calculations are held for subhorizon

scale (i.e. & > H). Where Q = —2LR &7 and F/(T) = 250

HT}‘? Om Geﬁ
BD ‘V H $H 4 2000 (14 2)3 8+ 2Hb — AxGegpd =0 (%gg—i;) -+
/ 2 - .
DGP %(ﬁi‘* V(i (k) +m}’gl{1+z)9) §+2HS —anGegpd =0  G(1+ srmromong)
Metric f(R) VI SH 4 (14 2)3 8+ 2Hb — 4rGogpd =0 e
Palatini f(R) ,“‘jﬁ+ﬂﬁ}[l+2)3 5+ Hb — anGogpd =0 e
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To get a well defined infrared limit, time and
space dependence of perturbations must be
factorized for long wavelengths.

ds? = Gg(T)(_(l +28)dr® + (1 - 21]?)(152)

Due to consistency (to RW metric) condition
L (%) + O(k?)]c
®(k,1) = F(a)C(F) + O(k¢)

(k. 1) = y(k,a)®(k,1) + O(k*()

Two categories : v(k, a) or v(a)
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Two categories : v(a) or v(k, a)

Scale independent MG : vy(a) =1+ 8¢® , Gy = vGo

Scale dependent MG : v(k, a) = %;2— , Ge = %ﬁg—
density fluctuations b~ ~(1+w)5-3H59p +3Hus fug ~ -Tue
. ; ' 2
vocity |§=~H(1-30)0 - £58 + (T2 -0+ 8) %) g =-Hbye + 2
Poisson equation k*® ~ —47Ga”pd k*® ~ —4n G, a’pd
Anisotropy K (®- U)~ 12rGa”(1 + w)po k(@ +0) ~ -8nG, 0" puc
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Observables

Matter Power Spectra

_ K
B = ArGFap” Py

k‘l

P = :
&, MG [E'FGEff}zﬂ4p-§ﬂG

Py

Velocity Spectra

Pﬂ=‘L2_1HP6

& EHE
P, e = 25Ps va

ISW

G = [ Pyyylk,x)a™

Weak Lensing

PF = [ Papu(k, x)W(x)

I*l

=X

Evidences (?)

: (1) High peculiar velocity (~ 400km/s) [0809.4041]

(2) Bright High z SNe [0811.2802]
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The current Universe Is under accelerating expansion.

Either(/Both) Dark Energy or(/and) Modified Gravity may
explain the accelerating universe.

Dark Enegy models and Modified Gravity theories can be
degenerated in the background evolutions.

Accurate measurements for the background evolutions to
constraint the parameters of theories.

Compare with perturbational observables.

Probably we can distinguish the origin of acceleration
from both background and perturbation evolutions.
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