TODAY

MODERN COSMOLOGY

BIG BANG
NUCLEOSYNTHESIS

Accelerated Expansion

DARK MATTER

DARK ENERGY
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Big Bang Expansion

LAST HOMEWORK
DUE NEXT TIME
FINAL EXAM:

8:00 AM FRI DEcC. 16

about 400 million yrs,

Pattern Dark Ages
f
1st Stars

400,000 yrs.

Afterglow Light

COURSE EVALUATIONS OPEN
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Extra credit
(2 points)

« Relative to the critical density, what does
the average density of the universe have to
be if the universe 1s closed (1.¢., less, more,
or equal to the critical density)?

* Be sure to include your name and section
number

* You may consult your notes, but do not
communicate with anyone else )




Reminders about final exam

This room, 8-10 AM, Friday, Dec 16

Cumulative: all material in whole class!
But greater emphasis on stuff since 2nd exam

Format same as before, but more questions
Review: 6-8 PM, Tues, Dec 13, PHYS 1410

For short answer questions, can put critical
information 1n bullet form; full credit if you
have the right answers

Don’t need to waste time writing long essay!

3




Formation of Structure

z=49.000

Ben Moore “Virgo” simulation




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 5
7.Dark Energy 9
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Era of Nucleosynthesis g Protons annihilated -

Fusion produced helium - virtually all antiprotons .
from protons (H nuclei). <8 3 but so:)e protogs d nucleosynthesis
remained. ~ 3 minutes
. 10° K 5
Era of Nuclei T~ 101K
A plasma of free electons | Fusion ceased, ~
and H and He nuclei filled e leaving normal matter
the universe. 75% hydrogen and
25% helium by mass.
380,000 yrs 3,000 K - recombination
Era of Atoms
The era of atoms lasted until stars Neutral atoms formed, ~300,000 year
and galaxies began to form. allowing photons to
travel freely through T~ 3000 K

space.

Key
» electron & antiproton
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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.




Key:

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 photon J J

; J > : > “)) > >&

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.
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14 protons 2 neutrons
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helium
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12 hydrogen 1 helium
N \/
atomic mass = 12 atomic mass = 4

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

Matches observations of nearly primordial gases °
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BBN products:

* 3/4 Hydrogen
* 1/4 Helium

e Traces of
— deutertum
— tritium
— helium 3
— lithium
— beryllium

Abundances depend on the density
of matter. The higher the density
parameter (), the more helium.
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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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Made in Early Universe
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Bi1g 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 density of atoms and
anything formed from neutrons, protons to

Mainzer () =0.04
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To really blow your minds: inflation

« Remember the puzzle that the CMB is so
uniform when 1t couldn’t have been 1n
contact with 1tself?

* This, and other cosmological problems, was
solved by the 1dea of inflation; at a very
early time (<10-32 seconds after BB!!) the
universe expanded much faster than light
(777)

No, doesn’t violate Einstein; spacetime can
expand, but no matter moves faster than
_light relative to the spacetime :




To really blow your minds: inflation

e Thus all the stuff we see did interact with
itself before inflation, so 1t was smooth and
uniform by the time of the CMB

* Bizarre? Counterintuitive? Unsatisfactory?
Yes! But, also supported by data and new
discoveries. Sometimes that happens...

* Now back to a much more solid and
tangible subject...
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6. Dark Matter

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

there?
(1 =0.2t00.3

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

(0 =10.04

* There 1s more mass than meets the eye!
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What could Dark Matter be?

If Q=0.27 and Qp (baryons) = 0.04, what could the
rest be?

B. Neutron stars (smaill, therefore dim)

D. A new particle no one has discovered

E.Idon’t know




Evidence for dark matter
DM video

* Many systems exhibit mass discrepancies:

e Spiral galaxies Applying Newton’s
Law of Universal
Gravitation to observed

* Clusters of Galaxies galaxy systems does not
give observed masses!

 Dwarf Galaxies

— dynamics
— gas temperature V2 GM
— gravitational lensing R




A spiral galaxy:
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The rotation
curves of spiral
galaxies are flat

when they should
be declining.
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Galaxies seem to be emb

edded in larger dark matter halos
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dark matter

luminous matter




Also need dark matter in clusters of galaxies:




s galaxies®




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

“ 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
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(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!
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(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

i 103
very smooth: 0p/p ~ 10 very lumpy: Sp/p ~ |

6p/p oc t2/3
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Time 1n billions of years

0.5

0.5 billion years

13 million light-years

2.2 5.9 8.6

2.2 billion years 5.9 billion years 8.6 billion years

35 million light-years

70 million light-years

I .
93 million light-years

\ 4

Size of expanding box in millions of light-years

\ 4

The gravity of dark matter pulls mass into denser regions —
universe grows lumpier with time.
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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.

WIMPs and Neutrons

Photons and Electrons
scatter from the

Atomic Electrons




7. Dark Energy

* Does some mysterious something act like

anti-gravity?

DE video
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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?
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Einstein’s greatest blunder?

Ruv - I/2gIJV = 81'I'GT|JV + /\glJV

Einstein’s intention was to keep the

universe static. But it does expand!
I
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Supernova 1998ba
Supernova Cosmology Project
(Perimutter, ef al., 1998)

(as seen from
Hubble Space |
Telescope)

Supernova
Discovery |.

* ¢ (as seen from

* telescopes —
on Earth)

Difference
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White Dwarf S.upgrhbyqe‘ ean be used as '
. astandard candle (a “standard bomb”).

F

(I . . . R
+ Visible to the-edge of the.unijverse! .




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

(as seen from
Hubble Space |
Telescope)

Supernova
Discove ry :

"7 (as seen from
*" telescopes
on Earth)

Difference

Not only does the unlverse expand
but this expan5|on |S acceleratlng’
Ne'e'd “-Dark_ Energy” to do 'that! B
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Relative size of the universe

4 | | |

A mathematical blunder ---
Einstein’s cosmological
3 - constant /A makes the
expansion accelerate!
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recollapsing critical coasting accelerating
universe universe universe universe

future

present

past
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Relative size of the universe
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Age

Helps with age problem
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