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Cosmology

Hubble expansion





Standard Cosmology



Cosmological Dynamics



Composition of the universe







DE evidences: SN Ia 





CMB



Dark Energy

✦ Difficult to understand with standard 
physics

✦ Different models, different equation of 
state:

✦ Different sound speed:

w ≡ p / ρ
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dP
dρ
=
P
ρ



Structure Formation



Filaments



Perturbing General Relativity

gµν = gµν
(0)+δgµν

ds2 = gµν
(0)dxµdxν = a2 (−dη2+δijdx

idx j )

H≡
1
a
da
dη
= Ha

Perturbed metric in Newtonian gauge

Background

ds2 = a2 (η)[−(1+2Ψ)dη2+ (1+2Φ)δijdx
idx j ]
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µ

ρ(t, x)= ρ (t)+δρ(t, x)



Single fluid
δ≡
δρ
ρ
, θ≡∇iv

i
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P
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δ ′′ +Hδ ′ − 3
2
Hδ = 0

w ≡ p / ρ

λJ = cs
π
Gρcs

2 = 1 →Quintessence

f ≡ d lnδm
d lna

=Ωm
γ for  ΛCDM → γ≈ 0.55

ρ(t, x)= ρ (t)+δρ(t, x)



Evolution of Perturbations
k2Φ+ 3H(Φ′ −HΨ)= 4πGa2ρδ
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ISW effect

ΔT (n̂)
T0

=−
2
c2 0

tL

∫ Φ(t, n̂)dt

✦ Linear regime:Integrated Sachs-Wolfe effect(ISW),
(1967)

✦ Non-linear regime:Rees-Sciama effect (RS), (1968)

✦ ISW & RS effect capture the dynamics of the 
universe

Gravitational potential change
 induces secondary CMB temperature fluctuation

Φ≠ 0



ISW effect

∇2Φ= 4πGa2ρδ →Φ∝ δ
a

δ≡
δρ
ρ

δ∝ a Φ= 0

No effect in matter epoch

Matter domination



What can the ISW do for us?
✦ Independent evidence for Dark Energy

✦ Matter dominated universe in trouble

✦ Direct probe of the evolution of structures
✦ Do the gravitational potentials grow or 

decay?
✦ Constrain modified gravity models?

✦ Sensitive on the largest scales (horizon)
✦ Measure dark energy clustering



Imprint on the 
 CMB power spectrum

ΔCl

Cl

=
2

2l+1

The ISW effect is difficult to be detected from CMB 
power spectrum due to Cosmic Variance problem



ISW evidence for DE

The greater temperature of superclusters (right) compared with supervoids (left) tells Szapudi and his 
colleagues that the superclusters are being stretched by dark energy. 
(Credit: István Szapudi et al.)



Cross Correlation

A signature of the ISW effect is a non-zero cross-
correlation function between the galaxy density 
(the number of galaxies per square degree) and 
the temperature of the CMB, because 
superclusters gently heat photons, while 
supervoids gently cool them



Cross Correlation

Cl
gal− ISW = 〈δ lm

galΘlm
ISW 〉



Dark Energy Clustering
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CMB power spectrum
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CMB power spectrum
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ISW spectrum
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ISW spectrum
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Thank You


