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Final Lecture: Frontiers of Cosmology

Physics 406
Spring, 2006
Instructor: Daniel Chung
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i+ 1All because c=1in al frames.

Well defeats Newton's gravity -> special relativity
Definition of inertial frames -> Equivalence Principle
Geodesic equations replace Newton's F=mafor gravity

g determines geodesic eguation
What determines g ?

Because of equivalence principle, atensor equation.

Embedding Newton/Poisson's 2 derivatives. -> use Riemann tensor
Poisson's eg. source term is energy density -> stress tensor
Conservation of stress tensor -> Einstein tensor (among var. cons.)

Einstein's equations
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Procedure learned

1
R — R 8 T
29

e.g. equation of state
1. specify T from microphysics and solve Einstein equations for g

examples: a) outside of a spherically symmetric body
b) in ahomogeneous fluid

2. solve for motion of test particles about the solution in step 1.

e.g.: @) photon redsnhift around planets, stars, black holes
b) precession of Mercury perihelion
c) bending of light; photon trgjectory in and around
black holes -> Causal structure of black holes
d) luminosity distance (flux of light)

A great foundation for learning more advanced topics!
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A More Complete Theory

Field theory and interactions:

s — d*xV gR d*x Vv gL,

g l

R %g R 8 T = Putinknownfidds

Boltzmann equations: contains quantum
Information
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Minimal Supersymmetric Standard Model

soft susy breaking (definition: does not introduce quadratic divergence)
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Boltzmann

Phase space evolution (useful B-genesis, dark matter, CMB):
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Kinetic equilibrium of all states: eg. fy F(1)f3, f, A(t)f]



05/04/2006

What do we know about cosmology?

Study of the origin and large scale structure of the universe
Large scale > 10 kpc (= 30,000 lyr ; galaxy size).
Largest scale observed (around 10,000 Mpc).

Traditionally: gravitational and thermal history

Far away galaxies seem to receding away from us with a velocity
proportional to its distance. (universe is not static or stationary --
history)

Thereisathermal background radiation at 2.7 degrees Kelvin.
(thermal history)



05/04/2006

Observationa foundations

Hubble Expansion (redshift of galaxies, quasar,
supernovae, etc. as afunction of brightness)

Homogeneous and isotropic T=2.72°K background g
Light element abundances (absorption/emssion spectra)
Galaxy surveys (distribution of visible matter)

Lensing (distribution of invisible clumped matter)
Temperature fluctuations (primordial, SZ effect, etc.)
Diffuse gammaray, X-ray, €tc.

Cosmic rays (neutrino, positron, antiproton, ultra-high
energy, €tc.)
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Basic picture emerging
T00 contains the following fraction of the total

73 % “dark energy” defined by its negative pressure
22 % cold dark matter

4.4 % in baryons (protons and neutrons)

0.6 % neutrinos

0.005 % in photons

The universe is spatially flat to about 1 %.

a(t) is expanding withH ;j—tlna(t) 70 k/s/Mpe.

Energy density was homogeneous and isotropic to
1 part in 10° about 15 billion years ago.
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| ntroduction
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Problems of cosmology

What is the composition of dark energy?
What isthe composition of CDM?

If inflation solves the cosmo

Why more baryons than antibaryons?

ogical initia

condition problems, what is the inflaton?
Classical singularities of general relativity?

Why Isthe observed cosmological constant small
when SM says it should be big?

Origin of ultra-high energy cosmic rays?
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What i1sdark energy?

a 4

< —( 3P) 0 P 13
a 3M2
Recall that normal gas of matter has positive pressure.
1 pi (3)
P(X) s (X XN)

3N\/2 2
Pn My

Field energy can have negative pressure (like inflation).
1d °
Sl VO

Why isthe energy density nearly coincident with the matter
density today?

If adynamical field explains the coincidence, how can such
a small mass scale (cosmological time scale) be protected?
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What 1s cold dark matter?

Definition: dark matter that is nonrelativistic at the time of matter radiation equality.
Canit be all in cold baryons not emitting light?

BBN (chemistry of producing elements heavier than hydrogen) says no.

Microlensing (gravitational deflection of light from compact objects) agrees
with this picture.

CDM neutrinos would overclose the universe.

Physics beyond the standard model necessary!
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Why more baryons than antibaryons?

The absorption spectra measurements, CM B, and
BBN agree

fe 4w
n
Naturalness of small dimens onless number?
nB

Accordingto SM, -2 10 ® a T > 100 GeV.

N
Probability that the small number is from mere

thermal fluctuation isvery small.

This problem is very interesting from a quantum field theory point of view.
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What 1s the inflaton?

CMB datalooks like that
expected from inflation
l.e.
1. “no” gpatial curvature

2. scale invariant spectraon
“superhorizon” scales

Similar in negative pressure
characterization as dark

energy; no known particle
can produce this
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Singularities of GR

Hawking-Penrose-Geroch theorem: Aslong as
there I1s nonzero spacetime curvature somewhere
and energy Is positive, Einstein's theory will
develop asingularity. (aclassical self-destruction)

Evidence for black holes exist. Isthere a
singularity behind the apparent horizon?

Big bang singularity naively exists: I.e.




05/04/2006

A small cosmological constant?

Z D DA .e Xt

Due to SM quantum fluctuations

M4

Possible values of M

Planck scale 10" GeV
GUT scale 10* GeV
See-saw scale 102 GeV

On the other hand we observe
(10 “GeV )"
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Ultra-high energy cosmic rays

Thereisa GZK cutoff
at 10™° eV dueto efficient
p P
Proton cannot ravel more
than 40 Mpc.
Events above 10™° eV measured (possibly).
No energetic extragal actic sources within 40 Mpc.
Primary? Source & acceleration mechanism?
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Selected References

General Cosmology

Edward Kolb and Michadl Turner, THE EARLY UNIVERSE.
Scott Dodelson, MODERN COSMOLOGY

Inflationary references

Mukhanov, Feldman, Brandenberger, Phys. Rept. 215 (1992).

Lidsey, Liddle, Kolb, Copeland Barreiro, and Abney Rev. Mod. Phys
69, 373 (1997).

Lyth and Riotto, hep-ph/9807278.
Hu and Sugiyama, astro-ph/9411008.

General Baryogenesis

Kolb and Wolfram, Nucl. Phys. B 172, 224 (1980).
Cosmology related to supersymmetry

Chung, Everett, Kane, King, Lykken, and Wang hep-ph/0312378.
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Collaborative score card

cosmology

particle physics
What isthe dark energy?

Why isthe Higgs field light?
v/ What is the CDM?
What isthe origin of electroweak symmetry

breaking? Why more baryons than antibaryons?

Isit smply an accident that the gauge If inflation solves the cosmological initial

couplings seem to meet? condition problems, what is the inflaton?

How is gravity incorporated into the SM? Classical singularities of general relativity?

Why is the observed cosmological constant
v Why is the CP violation from QCD small? small when SM saysiit should be big?

Origin of ultra-high energy cosmic rays?

Many other speculative connections exist.

| Not very convincing yet, unfortunately.
v/ wiith PQ Restricting to particle physics.



