










Problem: both the P-S and N-body halo mass function 
strongly disagrees w/ Observed galaxy mass function

log(Mstar or Mbaryon [M⊙])

Mstar

Mhalo x 0.18

Mismatch between halo and 
stellar mass distributions  
‣ Halo mass function has been scaled 

with the cosmic baryon fraction (0.18)  

‣ Large fractions of baryons fail to form 
stars, i.e., they remain in gaseous 
phase in the halos 
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~3%

Stellar mass fraction vs. halo mass  
‣ The fraction peaks at only ~3% (cf. fbaryon = 18%) 

in 5 x 1011 M⊙	halos 

‣ The gas-to-star conversion efficiency is low in 
both lower mass and higher mass halos  

Milky Way 
Halo

Stellar Mass Fraction vs. Halo Mass

Cosmological N-body plus 
hydrodynamical simulations:  

DM + baryons

10 Mpc comoving box (cluster-scale)

AREPO SimulationGas Distribution

Zoom-in Galaxy Merger Simulation



Star Formation:
Converting gas 
into stars

Feedback:
Ejecting gas

Gas accretion 
via cosmic web

Baryonic Processes in Galaxy Evolution
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Strongly coupled photon-baryon fluid

Suppression 
of power 

spectrum on 
small scales

Photons outnumber electrons by  
10 orders of magnitudes

So before baryons can 
gravitationally collapse and form 
the first stars and galaxies, they 
must decouple from the photons

p+ + e− → H + γ

The decoupling epoch marks both 
the recombination of Hydrogen and 

the last scatter of CMB photons

Chronology of the Universe Diagram

Epoch of Recombination 
z = 1100

CMB photons emerge from the optical depth of 1 surface, in analogy to stellar photospheres

(It takes a photon 100,000 years to travel from the core to the surface of the sun)



Why H Balmer lines are strongest in A-type stars? Spectral Type correlates with Surface Temperature 

Line Strength vs. Temperature / Spectral Type

(unit: 1000 K)
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Apply Saha (1920) Ionization Eq. 
to the Universe to calculate  

the ionization fraction vs. redshift

Saha equation result: ionization fraction vs. redshift When did recombination complete?



How recombination affects  
the photons?

 map in spherical projectionδT

Quantifying CMB anisotropies w/ 
temperature power spectrum

Analogy: Expressing periodic density fluctuations as the 
sum of Fourier bases

δ(x) =
∞

∑
k=2π/l

δ(k)eik⋅x

P(k) = V⟨ |δ(k) |2 ⟩Power Spectrum:

Fourier Transform:

Spherical harmonics , Laplace 1782Ym
l (θ, ϕ)
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Quantum Mechanics:


l: orbital angular momentum

m: z-axis projection of l

l ≈ π/θ



Representing CMB anisotropies as a sum of spherical 
harmonics Ym

l (θ, ϕ) CMB - Scaler - Dipole = MW + Anisotropies

Mollweide (equal-area) projection Spherical harmonics in Mollweide projection
m = l

Expressing anisotropies as sum of spherical harmonics

δT(θ, ϕ) =
∞

∑
l=1

l
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m=−l

al,mYm
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P(l) = l(l + 1)
2π

Cl = l(l + 1)
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|al,m |2Temp. Power  
Spectrum:

Harmonic 
Decomposition:

WMAP temperature power spectrum



Planck temperature power spectrum Harmonic spectrum of a flute

https://www.intmath.com/fourier-series/6-line-spectrum.php

Explaining the peaks in the 
temperature power spectrum

Because overdensities of baryon+photon fluid cannot collapse 
(Jeans length > Horizon), they under go acoustic oscillations

x(t) = x0 sin(cst/L)
τ = 2πL/cs

c2
s = ∂P

∂ρ
= γkT

μmH
γ = CP /CV

Ideal Gas Solution

Simple gas cylinder + piston model derivation

After recombination

random acoustic oscillations frozen at recombination

3rd peak

2nd trough

2nd peak

1st trough

1st peak

Recombination 
photon-baryon decoupling

Time

δT
Compression

Rarefaction

Acoustic oscillations frozen at recombination



• First peak ( ): the largest structures that could 
have reached maximum compression at recombination:




• Second peak ( ): the largest structures that could 
have reached maximum rarefaction 

l ∼ 200

τ = 2πL/cs = 2trec → L ∼ cstrec ∼ sonic horizon

l ∼ 500

τ = 2πL/cs = trec → L ∼ cstrec/2 ∼ sonic horizon/2

Multipoles  of the first two peaksl

2nd 

1st 

Recombination 

Time

δT Compression

Rarefaction

CMB power spectrum & cosmological parameters

Sonic horizon: Ω0h2

Ωb,0h2
ΩCDM,0h2

Silk Damping: photon 
diffusion of short 

wavelength sound 
waves

CMB power spectrum & cosmological parameters

reionization optical depth

baryon densitycurvature

dark matter density

Kamionkowski 2007

Phase Coherence Problem: 
who is the conductor?

After recombination

random acoustic oscillations frozen at recombination Implications of the existence 
of strong harmonic peaks

• Oscillations of all density fluctuations of a given size (thus 
having the same frequency) must reach their maximum 
compressions / rarefactions at the same time.


• This requires that they begin their oscillations 
simultaneously and with coherent phases


• In other words, to play the cosmic symphony the universe 
needs a conductor



The inflation theory
Flatness Problem

Horizon Problem

Inflation also solves the phase coherence problem by 
expanding density fluctuations to super-horizon sizes

Here we use the 
dimples on the 

golf ball to 
represent density 

fluctuations

Inflation made sure that oscillations of all density fluctuations of a 
given size reach their maximum compressions / rarefactions at the 
same time, leading to the strong peaks in the power spectrum

The cosmic harmonics frozen in time
“What makes the music of heaven?” - Chuang Tzu (300 BC)

How recombination changes the 
baryons?


