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Elements of Modern Cosmology

1.Expanding Universe
2.Finite Age

3.Density & Geometry
4. Thermal History

SRR NI

5.Bi1g Bang Nucleosynthesis
6. Dark Matter 9
7.Dark Energy 9



5. Big Bang Nucleosynthesis

* When the universe was just a few minutes
old, the density and temperature were like
the core of a star. The whole universe was
one big fusion reactor.

» This event, known as Big Bang
Nucleosynthesis, made the 3/4 Hydrogen
and 1/4 Helium mix seen 1n all stars.

* A small amount of other light elements (like
Lithium) were also made at this time.



0.001 s
Era of Nucleosynthesis B
Fusion produced helium
from protons (H nuclei).

Era of Nuclei
A plasma of free electons
and H and He nuclei filled
the universe.

380,000 yrs
Era of Atoms

The era of atoms lasted until stars
and galaxies began to form.

Key
electron & antiproton

« antialartran 8 notitran

102 K

Protons annihilated ="

virtually all antiprotons,

but some protons
remained.

’

10° K 3
Fusion ceased,
leaving normal matter
75% hydrogen and

25% helium by mass.

3,000 K——

Neutral atoms formed,
allowing photons to
travel freely through
space.

nucleosynthesis

~ 3 minutes

T~10°YK

recombination
~300,000 year

T ~3000 K




Primordial Nucleosynthesis:

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

during
helium
synthesis

helium
synthesis

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

e 3/4 Hydrogen Abundances depend on the density

e 1/4 Helium of matter. The higher the density
parameter (), the more helium.

e Traces of
— deuterium |
— tritium
— helium 3
— lithium g5
— berylium
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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.
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Big Bang Nucleosynthesis

* Explains bulk composition of the Universe
— 3/4 hydrogen, 1/4 helium by mass

* Matches multiple independent abundance
observations

— over-constrained by abundances of
e deuterium, helium, lithtum

« Constrains the densityto () =0 .04



6. Dark Matter

* We can estimate the density parameter via
gravity. How much gravitating mass 1s out

there?
(1 =0.2t00.3

« That’s a lot more than allowed by big bang
nucleosynthesis:

(2 =0 .04

* There 1s more mass than meets the eye!



Evidence for dark matter

Many systems exhibit mass discrepancies:

Spiral galaxies
Dwart Galaxies
Clusters of Galaxies
— dynamics

— gas temperature

— gravitational lensing

Applying Newton’s
Law of Universal
Gravitation to observed
galaxy systems does not
work.
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The rotation
curves of spiral
galaxies are flat

when they should
be declining.
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dark matter

luminous matter

Galaxies seem to be embedded in larger dark matter halos



Also need dark matter in clusters of galaxies:
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What is the Dark Matter?

ic Dark Matter

Norfg things:
v int stars, brown dwarfs
other hard-to-see objects (planets, gas)

Hot D Matter
neu s - got mass, but not enough

V Cold Dark Matter

Some new fundamental particle

doesn’t interact with light, so quite invisible.
Two big motivations:
|) total mass outweighs normal mass from BBN
2) needed to grow cosmic structure

Bary




(1)

Normal baryonic mass = 4% of total
from Primordial Nucleosynthesis

Total mass density = 27% of total
from gravity

gravitating mass >> normal mass

Most of the mass needs to be
in some brand new form!



(2)  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=3.8x|05yr t=|.4x|0|0yr

. 105
very smooth: 0p/p ~ 10 very lumpy: Sp/p ~ |

6p/p oc t2/3



Time 1n billions of years
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The gravity of dark matter pulls mass into denser regions —
universe grows lumpier with time.



Particle physicists’ best guess is that the
Cold Dark Matter needed in astronomy
is a new form of fundamental particle called
the WIMP (Weakly Interacting Massive
Particle). There are ambitious projects to
detect WIMPS as they pass by the earth.




7. Dark Energy

* Does some mysterious something act like
anti-gravity?

24



The Expanding Universe

Ruv - Vzgw - 81'I'GT|JV

A homogenous, isotropic universe
evolving according to Einstein’s
field equation must either expand
or contract. It can not be static.

Philosophically, Einstein assumed
something like the Perfect
Cosmological Principle. The
Universe had to have been around
forever. Didn'’t it?



Dark Energy

Einstein’s greatest blunder?
Ruv - Vzgw = 81'I'GTIJV + /\guv

Einstein’s intention was to keep the
universe static. But it does expand!

=

T T I ] I | l T ] T I

[-band TF

3.5

‘lllllllllll

log Ve (kmss™t)

lllllLlJllll

-
-
-
—
-
-
-
—_—
—
-
-
—

A9 QA QAR



Supernova 1998ba
Supernova Cosmology Project
(Perimutter, et al., 1998)

|

3 Weeks . Supernova
Before : Discovery |.

* (as seen from

* telescopes — iy —
on Earth)

Difference
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- Type la Superngvaée canbe used as‘a,
stahdard candle (a “standard bomb”). -
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Visible to the edge of the universe!
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Supernova 1998ba
Supernova Cosmology Project
(Perimutter, et al., 1998)

|

3 Weeks . Supernova
Before : Dlscovery :

* (as seen from

* telescopes
on Earth)

Difference

-

Not only does the unlverse expand
but this expan5|on |$ acceleratlng'

Need Dark Energy” to do tha-t’ k%,
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Relative size of the universe

A mathematical blunder --- O
Einstein’s cosmological &\%
_ constant /\ makes the Q%Y =
expansion accelerate! éb/ OPEN
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Billions of Years
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recollapsing critical coasting accelerating
universe universe universe universe




Relative size of the universe

Helps with age problem
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Contents of the Universe

Hot Big Bang
+

Dark Energy
+

Dark Matter

THE ANSWER:

is now called

“ANCDM”



Elements of Modern Cosmology

1. Expanding Universe v
o Hubble’s Law
2. Finite Age
3.Density & Geometry 4
4 Thermal HiStOI'y ¥" Microwave Background
5.Bi1g Bang Nucleosynthesis v Light Elements
6.Dark Matter ? Really there?
7.Dark Energy ?

Works well. But only holds true if dark matter
and dark energy really exist.



What if we don’t
find WIMPs?
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Dark Matter or Gravity?

Competing hypothesis called MOND
(for Modified Newtonian Dynamics)
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