Galaxy Formation

from early times till present



1045 sec. Planck time. Inflation begins Arrow Of time

10-32 sec End of Inflation: origin of
fluctuations. Flat and hot Universe

1 sec. T=1Mev. Neutrino decouple from the rest of matter. Composition: relativistic
particles dominate: gamma, neutrino, electrons, positrons. Nonrelativistic particles:
protons, neutrons, DM

100 sec. T=0.1 Mev. BBN: all neutrons are in He. Composition after BBN: y and v

dominate. Nonrelativistic particles: p, He, e, DM: subdominant.

z=10000 Moment of equality: density of relativistic particles (y and v) 1s equal to the density

of nonrelativistic particles. Fluctuations in DM on all scales grow with the same rate.

z=1100. T=3000K=0.3eV. Recombination and decoupling. Photons start to travel freely.

Gas 1s mostly neutral.

z=10. First massive galaxies and supermassive black holes.

z=7. Universe 1s re-1onized.

z=2. Last major-merger for our Galaxy. Last stars formed in galaxies in clusters.

z=0.5 Sun 1s formed.




Probing different epochs with observations

Epoch Phenomenon Test
: *Large-scale CMB anisotropies
: Spectrum of perturbation on very :
Inflation eLarge-scale spectrum of perturbation

long scales

in distribution of galaxies

Moment of equality

Position of maximum in the spectrum
of perturbations

Distribution of galaxies: Spectrum,
sizes of large voids, Superclusters.

BBN

abundance of light elements: He, D, Li

ISM, stellar atmospheres, spectra of
high-z galaxies

Recombination

Small-scale structure of CMB

CMB anisotropies on armin -degree
scales

Acceleration of the Universe

Distances depend on the rate of
expansion

Distances to SNI

Dark matter

*Rotation curves of galaxies
*Possible annihilation signal from
centers of galaxies

*X-ray emission from clusters of
galaxies

*Lensing of galaxies




Isotropy and Homogeneity of the Universe

e — galazies: Deep counts of galaxies mp > 18 show only small variations of the number of
galaxies in different directions in the sky. Note that there are large variations along the
line-of-sight.

e radio sources: Those are typically in galaxies. Counts are very deep and show high level of
isotropy (AN/N < 1073).

e — X-ray background: Typically unresolved AGNs. Background is isotropic at 1 percent level.

e  Cosmic Microwave Background (CMB): isotropic to the level AT/T ~ 10°. Deviations
from the isotropy are well studied. The largest deviation is the dipole, which is due to the
motion of the Local Group relative to CMB: Vjjpole = 650km s 1.
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— SDSS: about 10,000 sq.deg on the sky; for galaxies the depth: z < 0.4
~ SDSS: about 10,000 sq.deg on the sky; 50,000 QSOs with z < 5

— 2dF: two strips on the sky

— anisotropy of CMB: WMAP and others.




Homogeneity of the Universe

*Deep counts of galaxies provided the first
observational arguments for homogeneity of the
Universe. If the distribution of galaxies is
homogeneous and galaxies are not evolving , then
the number of galaxies with apparent magnitude
m should scale 1096m  |ndeed, this is what is
observed up to some magnitude. When counts
are too deep, galaxies are preferentially at very
large redshifts where the evolution cannot be
neglected.
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e SDSS tested homogeneity of distribution of luminous red galaxies (LRG). Average number-
density of LRGs inside a sphere of radius R approaches constant for R > 30h~! Mpc. There
are very strong inhomogeneity at smaller scales. Disjoin regions on the sky of size ~ 2 X
107p~1 Mpc3 have variations of 7 percent around the mean density: clear sign of homogeneity
on large ~ 30 — 50A~! Mpc scales.

e 2dF catalog and SDSS: measurements of the correlation function and the power spectrum of
galaxies.
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logio scaled density inside comoving spheres of radius R
I

Hogg et al 2005 . . ‘ ———
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Average comoving number density (i.e., number counted divided by expected number from a homogeneous random catalog) of LRGs
inside comoving spheres centered on the 3658 LRGs shownin Fig. 1, as afunction of comoving sphere radius R. The average over all
3658 spheres is shown with squares,and the averages of each of the five R.A. quantiles are shown as separate lines. Atsmall scales,
the number density drops with radius,because the LRGs are clustered; at large scales,the number density approaches a constant,
because the sample is homogeneous.


http://www.journals.uchicago.edu/ApJ/journal/issues/ApJ/v624n1/61616/61616.text.html#fg1

Global parameters of the Universe

H = 70km/s/Mpc

Age of the Universe 13.5Gyrs

Slope of the spectrum of perturbations n = 0.96

¢ Normalization of the power spectrum of fluctuations og = 0.82

Total baryons Qph? = 0.024 & 0.001
Total matter Qh? =0.14 +0.02

Cosmic Inventory

e Dark energy 0.72 + 0.03 e Baryons 0.045 + 0.003
e Dark matter 0.23 + 0.03 e Warm intergalactic plasma 0.040 £+ 0.003
. _10 e Virialized regions of galaxies 0.024 £ 0.005
e primeval grav. waves < 10
e Stars Qstars = 0.0027 £ 0.0005 (SDSS, 2dF, 2MASS)
e Total dark sector 0.954
¢ Stars contain 6.0 £ 1.3 percent of all baryons
* e Clusters of galaxies with mass > 5 X 1013M@: Q. =0.012+£0.03
¢ Electromagnetic radiation 10~4-3+0.0 .
e Neutrinos 102901 o

Luminosity density
. Lp=(1.9%£0.2) x 108hLoMpc3
. L, = (2.3+0.2) x 108hLyMpc3



Evolution of perturbations at early times:

linear growth

Inflation provides very a simple spectrum of fluctuations: gaussian
fluctuations 1n metrics (=gravitational potential):
(Ad)2o constant when averaged over spheres of radius R.

This g1ves the power spectrum of fluctuations in the density

P(k)x k, where k 1s a wavenumber =

s ! L PR =)

> | > |«

After Inflation After moment of equality



Nonlinear effects

& Zeldovich approximation: collapsing waves in a
cold (zlow random velocities) fluid produce a web
of filaments: r(t) =ro+v(ro)t

& Virialization tends to produce spherical objects
¢ Dynamical friction produces merging of halos

& On scales larger than 20kpe the only thing which

dynamically matters 1s the dark matter



Non-linear evolution: from
Zeldovich approximation to DM
halos




Formation
of a MWV-
size halo
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Klypin,
Kravtsov
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LSS: 300Mpc
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Nature of expansion

Misconceptions

Biggest explosion ever
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What exploded in the Big Bang?

The universe began, scientists believe, with every speck of its
energy jammed into a very tiny point. This extremely dense
point exploded with unimaginable force, creating matter and

propelling it outward to make the billions of galaxies of our vast
universe.

Astrophysicists dubbed this titanic explosion the Big Bang.



Nature of expansion Misconceptions

Biggest explosion ever

However, the galaxies are not moving through
space, they are moving in space, because space
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no center; everything is moving away from
everything else.
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Take a look out at almost any galaxy in the Universe, and you'll find it's moving
away from us. The farther away it is, the faster it appears to recede. As light travels
through the Universe, it gets shifted to longer and redder wavelengths, as though
— the fabric of space itself is being stretched. At the largest distances, galaxies are
N being pushed away so rapidly by this expanding Universe that no signals we can
\\l possibly send will ever reach them, even at the speed of light.
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What exploded in the Big Bang?

The uni.verse bggan, scient!sts bglieve, _With every speck of its [earhy, the Virgo cluster itself will remain gravitationally bound. The
energy jammed into a very tiny point. This extremely dense  \jjlky Way and all the local group galaxies will stay bound together,

point exploded with unimaginable force, creating matter and eventually merging together under their own gravity. Earth will revolve

pro_pelling it outward .tq make the billiong of.galaxies o four vast,.ound the Sun at the same orbital distance, Earth itself will remain the
universe. Astrophysicists dubbed this titanic explosion the

Big Bang. same size, and the atoms making up everything on it will not expand.

Why? Because the expansion of the Universe only has any effect where
another force — whether gravitational, electromagnetic or nuclear — hasn't
yet overcome it. If some force can successfully hold an object together,
even the expanding Universe won't affect a change.



Misconceptions

Nature of redshifts:

at small redshifts the redshift is just the Doppler effect: z =v/c

How one can possibly observe z =10? Ten times fast than speed of light?



Misconceptions

Universe was formed from nothing



