Today: cosmology
e measuring the mass density
e BBEN

e Jarge scale structure
e CMB
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Big Bang Expansion
13.7 billion years




Particle-antiparticle soup

tiny fraction o
of a second recombination:

first H atoms

You are here-now
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Particle Era
Elementary particles filled
the universe, as quarks
combined to make protons
and antiprotons.

particle soup
< millisecond

T~ 104K
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Era of Nucleosynthesis O
Fusion produced helium virtually all antiprotons, .
from protons (H nuclei). but some protons nucleosynthe51s
remained. ~ I
—— (OO K _ 3 minutes
ra of Nuclei
A plasma of free electons Fusion ceased, T~10°K
and H and He nuclei filled leaving normal matter
the universe. 75% hydrogen and
25% helium by mass.
380,000 yrs - 3,000 K - :
Eva of Atoms y E recombination
The era of atoms lasted until stars Neutral atoms formed, ~380,000 year
and galaxies began to form. allowing photons to T ~ 3000 K
travel freely through
space. emission of CMB:

surface of last




Basic parameters of cosmology

Hy Expansion rate 72 km/s/Mpc

0, 03
;nass. () 0.05 baryons
ensity
Qcpm 0.25 not baryons
A 0.7 dark energy
08 power 0.8

N spectrum 0.96



Measurements of the gravitating mass density

e Cluster M/L

— measure M/L of a cluster, combine with measured
luminosity density of universe.

* Weak lensing

— measure shear over large scales

* Peculiar Velocity Field

— measure deviations from Hubble flow
 Power spectrum of galaxies
e CMB fits



Virgocentric infall

The Virgo cluster is the largest nearby over-density.
Its gravity distorts the Hubble flow.

We fall towards it so it appears to recede less than
it should by an amount that depends on its mass

682 TONRY AND DAVIS (198 1)
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F1G. 1.—On a two-dimensional grnd with the Earth and the Virgo cluster on the x axis, redshift contours are plotted for a Hubble
flow perturbed by a Virgocentric flow. An infall velocity of 400 km s ~ ' at our position is assumed. A pure Hubble flow would be concentric

circles.



ESTIMATES OF 1,

Velocity Source

380473 Smoot and Lubin 1979
480475 Aaronson ¢ al. 1980

Davis et al. (1980) found UL en et Ak BolEager 979

1904130 Schechter 1968

—_— * Calculated with respect to the centroid at the
™m - O 4 O 1 local group as defined hy Yahil et al. 1977,
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with modern distances this becomes

2, = 0.25 4+ 0.05

z
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[ines are lines of constant Qm Rt V=

F16. 1.—The mean overdensity of Virgo vs. v,/vy for various
values of ©2. The x-axis is also labeled with 1, using a recessional
velocity to Virgo of 1020 km s~ The measured overdensity is
prescribed by the heavy line, and is marked at the favored posi-
tion as given by the anisotropy of the Hubble flow and microwave
background radiation. The error bar is an estimate of the 909
confidence limit of our determination of 4. Models to the right of
the dotted line are bound to Virgo.




SDSS clustering Red galaxies cluster more
(Zehavi et al 201 I) 12n strongly than blue galaxies
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2MASS galaxy distribution on sky in Galactic coordinates

S~

Blue points lower redshift, red points higher redshift

Jarrett et al.



Dimensionless power spectrum

AR(k) = d<6°>/d In k

The Galaxy Power Spectrum
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Basically all data suggest a gravitating mass density

1 1
4 3

What about baryons!?



Primordial Nucleosynthesis (BBN):

o When the universe is just a few minutes old,
? -~ ) the Temperature and Density are just right
© & : :
) for it to be one Big Nuclear Furnace:

2

) N7 L -;.‘ :
RN "\‘. ‘ ,-. u 51 : \
Gamow deuterium

/ v helium-4

The light elements
Hydrogen, Helium, and Lithium
are made at this time.



Step 1 Step 2 Step 3
Proton and neutron Two deuterium nuclei  Hydrogen-3 fuses J neutron
fuse to form a fuse to make with deuterium to
deuterium nucleus. hydrogen-3. create helium-4. J proton

J Jjjphoton J v') J 'J
> J D= P

)

Protons and neutrons combined to make long-lasting helium
nuclel when the universe was ~3 minutes old.

The proton-proton chain was enhanced by the presence of free
neutrons, making the creation of deuterium easier.



14 protons 2 neutrons
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during
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synthesis

after
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helium |
aness QP D DD
12 hydrogen 1 helium
RyE Rf)
atomic mass = 12 atomic mass = 4

Big Bang theory prediction: 75% H, 25% He (by mass)

Matches observations of nearly primordial gases



BBN products:

* 3/4 Hydrogen Abundances depend on the density of

e 1/4 Helium matter. The higher the density

parameter (€2). the more helium.
e Traces of 10
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BBN gets the
abundances of
deuterium,
helium, and
lithium right if
the mass density
1s about 4% of
the critical
density.



Made in Early Universe

Made in Stars
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Mass density () b

There’s more mass than BBN allows in baryons
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() =~ 0.04 BBN baryon density

(),, =~ 0.30 gravitating mass density

There is a hierarchy of missing mass problems

halo missing baryon problem
M M
b < JoMz00 (not enough baryons in each DM halo)

Ic missing baryon problem
0O 0 cosmic missing baryon p
Z bobs < Lb, BBN (not enough baryons for BBN)

0O <0 cosmic missing mass problem
b,BEN " (not enough BBN baryons to explain
all the mass 1n the Universe)



Cosmic constraints predating SN, CMB (circa 1995)

“Standard CDM (circa 1990)

A 13 <Age < 14 Gyr
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CMB: Baby picture of the universe (380,000 years old)

Universe very uniform at z = 1000 (300,000 years old)



CMB temperature fluctuations directly
related to density fluctuations

5_T_15,0
T 3p

Basic problem:
not enough time for structure to grow.

Gravity will grow the observed large

scale structure, but it works slowly.

Can’t get here-now from the there-
then of tiny CMB fluctuations.



There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless
there is a component of mass independent of photons.

t=38x10°yr t=14x10yr

. T
very smooth: dp/p ~ 10 very lumpy: 0p/p ~ |

6p/p o t2/3



CMB temperature fluctuations directly
related to density fluctuations

5_T_15,0
T 3p

Fits to the acoustic power spectrum of the
CMB strongly constrain cosmic parameters

http://space.mit.edu/home/tegmark/movies.html
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