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

T T T Stellar mass fraction vs. halo mass

Baldry+08
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Cosmological N-body plus
hydrodynamical simulations:

DM + baryons

redshift s 154 stellar mass 1277 billion solar masses
Time since the Big Bang: 4.3 billion years

Gas Distribution AREPO Simulation

Zoom-in Galaxy Merger Simulation
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Everything should be made ) , o
as simple as possible, Baryonic Processes in Galaxy Evolution
but not simpler. | '

Albert Einstein

Power Spectrum
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10 ]
Strongly coupled photon-baryon fluid — Theoretical Power Spectrum |
Photons outnumber electrons by SO
10 orders of magnitudes o Suppression
-~ of power
} 104 spectrum on
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Chronology of the Universe Diagram
Dark Energy
Accelerated Expansion
Epoch of Recombination

z=1100 Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

. lind
Star Formation:
Converting gas
into stars

.

Gas accretion
via cosmic web

© ESA/AOES Medialab

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

The decoupling epoch marks both
the recombination of Hydrogen and
the last scatter of CMB photons

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

\ i g
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_-absorption v ~ =

— Chromosphere Observer
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(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
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Apply Saha (1920) lonization Eq.
to the Universe to calculate
the ionization fraction vs. redshift
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How recombination affects

the photons?

Figure 9.3: An observer is surrounded by a spherical last scattering surface.
The photons of the CMB travel straight to us from the last scattering surface,
being continuously redshifted.

0T map in spherical projection

Quantifying CMB anisotropies w/
temperature power spectrum

@InertialObservr

. o ] ] Spherical harmonics Y;"(0, ¢), Laplace 1782
Analogy: Expressing periodic density fluctuations as the

sum of Fourier bases P Quantum Mechanics:
I: orbital angular momentum

m: z-axis projection of |

\ e
Wg,‘ T

o0
Fourier Transform:  O(x) = z 5(k)eik-x
k=2nll

Power Spectrum:  P(k) = V(| (k) |2>




Representing CMB anisotropies as a sum of spherical
harmonics Y;"(6, ¢)

CMB - Scaler - Dipole = MW + Anisotropies

(almost) uniform 2.726K blackbody

Dipole (local motion)
We move at 370km/s
wrt the CMB frame!

O(10°%) perturbations
(+galaxy)

Source: NASA/WMAP Science Team

Spherical harmonics in Mollweide projection
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Expressing anisotropies as sum of spherical harmonics
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WMAP temperature power spectrum
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Planck temperature power spectrum
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Explaining the peaks in the

temperature power spectrum

random acoustic oscillations frozen at recombination

After recombination

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

Ideal Gas Solution

Piston mass m

x(t) = xpsin(cyt/L)
Region 1 Region 2
T=2nLlc,
2298 _ T
dp  pmy

y=Cp/Cy

©

|
|
|

x=0

PHYSICS-ANIMATIONS.COM

Simple gas cylinder + piston model derivation

Acoustic oscillations frozen at recombination

1st peak
Compression

Rarefaction

Recombination
photon-baryon decoupling




Multipoles [ of the first two peaks CMB power spectrum & cosmological parameters
Compression
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CMB power spectrum & cosmological parameters
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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.

After recombination

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

(@D 1t is obvious to a cosmologically —
minded ant that a golf ballis
curved and bumpy.

Circumference
of circle < 2z

g
‘\ =
] Circumference = 277
4cm B Butinflate that
fball 1o the
size of Earth.

Here we use the
dimples on the
golf ball to
represent density
fluctuations

and as far as

A “dimple”\

/

D 1300 kmwide )

" 1l

" Lessthanan /| (@ ...and perfectly smooth.
\ atom deep /

B Regardiess of how curved and
bumpy it starts out, any universe

been born that way.

13,000 km
Size of Earth

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

6000 F T T T ]

E WMAP E

E \ Acbar E

5000 f \ Boomerang 3

E cBI E

& a000f ] 3
= E | E
s i
N 3000 - f \ 3
o E / E|
> E ¥ * E
T [ A N ' 3
£ 200 J N\ .
. ‘+ } é

100 M 3

E | M t .

0F 1yl I I [ B R R R | [

10 100 500 1000 1500
Multipole moment ¢

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

@InertialObservr

How recombination changes the

baryons?




