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Logistics:

e Homework 3 return

e Abstracts for 433 talks due tomorrow
e 433 talks 12/2 & 12/3

e Homework 4 due 12/3

e Review 12/9

e Final 12/11 (9 AM)

Today: cosmology
* measuring the mass density
e BBN
e large scale structure
e CMB



Incan cosmology WMAP

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
5 Galaxies, Planets, etc.

Big Bang Expansion
13.7 billion years




Particle-antiparticle soup

tiny fraction

of a second recombination:

first H atoms

You are here-now



Particle Era
Elementary particles filled
the universe, as quarks
combined to make protons
and antiprotons.

particle soup
< millisecond

T~10*K

=
10"° K =

0.001 s

Era of Nucleosynthesis Protons annihilated =

Fusion produced helium virtuallv all antiorotons .
from protons (H nuclei). but so ,i; e prot og < ' nucleosynthes1s
remained. ~ 3 minutes

- 10° K 5
Era of Nuclei -
A plasma of free electons
and H and He nuclei filled
the universe.

T~10YK

Fusion ceased,
leaving normal matter
75% hydrogen and
25% helium by mass.

380,000 yrs - 3,000 K 3 recombination
Era of Atoms
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
scattering




Basic parameters of cosmology

Hy Expansion rate 72 km/s/Mpc

()., 0.3
?dnass. () 0.05 baryons
ensity
Qcpm 0.25 not baryons
(A 0.7 dark energy
98 } power 0.8
N spectrum 0.96



Measurements of the gravitating mass density

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
CMB fits



Virgocentric infall

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

We fall towards 1t so 1t appears to recede less than
it should by an amount that depends on 1ts mass

682 TONRY AND DAVIS (1981)
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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
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Davis et al. (1980) found

ESTIMATES OF 1,

Velocity Source

380475 Smoot and Lubin 1979

480475 Aaronson ¢f al. 1980

350+ 50 de Vaucouleurs and Bollinger 1979
290+ 30~ Yahil 1980

1904130 Schechter 1968

2, =0.4+0.1

with modern data this becomes

2, = 0.25 4+ 0.05

Lines are lines of constant {2,

F16. 1.—The mean overdensity of Virgo vs. v,/vy for various
values of ©2. The y-axis is also labeled wit
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

* Calculated with respect to the centroid at the

local group as defined by Yahil ef al. 1977,
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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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Primordial Nucleosynthesis (BBN):

. When the universe is just a few minutes old,
é -~ V' the Temperature and Density are just right
BDE: . .
for it to be one Big Nuclear Furnace:

»

s Y DO
o) ANTE A .
AR LN 2 A L
Gamow deuterium

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
photon J J
< m’J ,-) ’J

p 3 = =P

9

Protons and neutrons combined to make long-lasting helium
nucle1 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

JIIIIIVY
VIIIIVY

%

during
helium
synthesis

after

JIIIIY

helium ,
aness QP D DD
12 hydrogen 1 helium
B d RKJ
atomic mass = 12 atomic mass = 4

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

* 3/4 Hydrogen Abundances depend on the density of
e 1/4 Helium matter. The higher the density

arameter (Q2), the more helium.
e Traces of P €2
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abundance of light nuclei
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deuterium
measured

. 4

helium-3
measured

lithium-7
measured

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

i T Todine enon
81 82 3 85 6
I, o 2l o E
‘o < ~3 s =
" Rl ) M all
L A o d AT SRR AT
ze Thallium e b Aotating | | Radon
gy Py T — Py
I ‘1}:; IIY(,'. pe Ilf‘. 5 || 16 Iv‘: 7 |ll: 8 ‘

Made in the Iaboraory




Mass density () y

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

(2, =~ 0.30 gravitating mass density

There is a hierarchy of missing mass problems

halo missing baryon problem
My < foMz00 (not enough baryons in each DM halo)

cosmic missing baryon problem
Z 0,005 <4k, BBN (not enough baryons for BBN)

() < 0 cosmic missing mass problem
»BEN " (not enough BBN baryons to explain
all the mass in the Universe)



Constraints predating SN, CMB (circa 1995)
. Standard CDM (c1rca 1990)

13 <Age < 14 Gyr I ! T
© Ho
o
©
EO
-
2 o
s
3 o
7 -)
>
O . ! 1 A | |

00 DO 60 690 70 7O 80 80
I_IO

Expansion rate



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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Planc
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“Cosmologists are often wrong, but never in doubt”

Things we know for sure in cosmology:

- Lev Landau

quantity c. 1990 VVZI‘(’)Ig\SPS lea(l)r:c3k
Q .00 |0.258+0.027(0.315+0.017
Q, 0.00 0.742 0.685
Q 0.0125 10(5?020207632 1069020200258
. 50 719427 | 67.3%12
dark matter | CDM CDM CDM




