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ACDM Cosmology

® non-baryonic cold dark matter
ewhatever it is (e.g., WIMPs)

e dark energy
ewhatever that even means

® dark baryons
¢ 29% not accounted for

ICM 4+1.5%

I cold gas 1.7+0.4%

We have direct knowledge of only 4% of the total mass-energy density of the universe



Basic parameters of cosmology

H Expansion rate 72 km/s/Mpc
I Qo 0 0.3
density \ [ b 0.05 baryons
Qcpm 0.25 not baryons
N 0.7 dark energy
98 Y\ power 0.8

N spectrum 0.96



STANDARD MODEL OF ELEMENTARY PARTICLES
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Baryons (3 quarks)
m, = 938.3 eV
Proton
m, = 939.6 eV
Neutron
Up & down
quarks are

nZ2o0nommMmacrro

light: most of
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all four forces
distinct.-.

. 10K &M particle soup time Temp
Particle Era cqq-
Elementary particles filed @8 ‘ R < millisecond |

the universe, as quarks &

combined to make protons : 3 "'.,: T ~ 1014 K

and antiprotons.
10 K

Era of Nucleosynthesis » : Protons annihilated

Fusion produced helium .\' % > | virtually all antiproto'ns, HUCleosyntheSlS (BBN )
from protons (H nuclei). & | but some protons ~ 3 minutes

remained.

Era of Nuclei -7

A plasma of free electons | Fusion ceased,
and H and He nuclei filled __I=N leaving normal matter
the universe. e & R 75% hydrogen and

25% helium by mass. Early Universe

- 380,000 yrs 3,000 K—— recombination
ra of Atoms :

The era of atoms lasted until stars Neutral atofns formed,
and galaxies began to form. allowing photons to ~3 80 aOOO year

travel freely through T ~ 3000 K

space.

emission of CMB:
surface of last
scattering

Key
» electron & antiproton
- antielectron & neutron

» neutrino & antineutron
« antineutrino @3 helium
$quarks

& proton : photon




Primordial Nucleosynthesis (BBN):

When the universe is just a few minutes old,
the Temperature and Density are just right
for it to be one Big Nuclear Furnace:

degum\~ A
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° 9
/ e hetivm-4

o

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



during
helium
synthesis

after
helium
synthesis

Y
atomic mass = 12 atomic mass = 4

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

Matches observations of nearly primordial gases



BBN products:

e 3/4 Hydrogen
e 1/4 Helium

e Traces of
— deuterium
— tritium
— helium 3
— lithium

— berylium

Abundances depend on the density of

matter. The higher the density

parameter (£2y), the more helium.

1.0 -
deuterium
5 predicted
P 10 J
SS deuterium
cfo measured
55 10°
=4 P
oS . “ helium-3
%g 10 helium-3 measured
= .
T%D 5 Fe (TR predicted
= ~ 108 |- predicted :.3
lithium-7
1070 /measured
| | | |
0.1% 1% 4% 10% 100%

density of ordinary matter
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Made in Early Universe

Made in Stars
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BBN restricted to elements

Stars skip over the mass bottleneck
via the triple alpha reaction 3 “He —» .12C*



BBN reactions

The following stages occur during the first few minutes of the Universe:

Less than 1 second after the Big Bang, the reactions shown at right maintain the neutron:proton ratio in thermal
equilibrium. About 1 second after the Big Bang, the temperature is slightly less than the neutron-proton mass difference,
these weak reactions become slower than the expansion rate of the Universe, and the neutron:proton ratio freezes out at
about 1:6.

D+€ N+ V

Nn+e «p+V

After 1 second, the only reaction that appreciably changes the number of neutrons is neutron decay, shown at right. The
half-life of the neutron is 615 seconds. Without further reactions to preserve neutrons within stable nuclei, the Universe
would be pure hydrogen.

n—p+e +Vv

The reaction that preserves the neutrons is deuteron formation. The deuteron is the nucleus of deuterium, which is the

heavy form of hydrogen (H2). This reaction is exothermic with an energy difference of 2.2 MeV, but since photons are a
billion times more numerous than protons, the reaction does not proceed until the temperature of the Universe falls to 1
billion K or kT = 0.1 MeV, about 100 seconds after the Big Bang. At this time, the neutron:proton ratio is about 1:7.

D+Ne—d+7y

Once deuteron formation has occurred, further reactions proceed to make helium nuclei. Both light helium (He?) and

normal helium (He“) are made, along with the radioactive form of hydrogen (H3). These reactions can be photoreactions
as shown here. Because the helium nucleus is 28 MeV more bound than the deuterons, and the temperature has already
fallen so far that kT = 0.1 MeV, these reactions only go one way.

d+n —>H3+y

H3+p —»He4+y
d+p —»Hes+y

He® + n —»He4+y

The reactions at right also produce helium and usually go faster since they do not involve the relatively slow process of
photon emission.

d+d — He® +n
d+d = H3+p
H® +d — He* +n

He® + d —»He4+p

The net effect is shown at right. Eventually the temperature gets so low that the electrostatic repulsion of the deuterons
causes the reaction to stop. The deuteron:proton ratio when the reactions stop is quite small, and essentially inversely
proportional to the total density in protons and neutrons. Almost all the neutrons in the Universe end up in normal
helium nuclei. For a neutron:proton ratio of 1:7 at the time of deuteron formation, 25% of the mass ends up in helium.

d+d —»He4+y

Source: Ned Wright: http://www.astro.ucla.edu/~wright/BBNS.html|
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