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Spin intensity

COSMIC CURL

B Clockwise ] Anti-clockwise

Polarization strength and
/ orientation at different

The BICEP2 instrument observed a faint but distinctive twisting pattern,
or spin, known as a curl or B-mode, in the polarization of the cosmic

microwave background. This is the first evidence for gravitational waves
generated by rapid inflation of the Universe some 13.8 billion years ago.
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1912 Vesto Slipher measured the first Doppler shift of a "spiral nebula" (spiral nebula is the
obsolete term for spiral galaxies), and soon discovered that almost all such nebulae were
receding from Earth.
1922 Alexander Friedmann derived the Friedmann equations from Albert Einstein's equations
of general relativity, showing that the universe might be expanding in contrast to the static
universe model advocated by Einstein at that time.
1931 Monsignor Georges Lemaitre suggested that expansion of the universe, if projected back
in time, meant that the further in the past the smaller the universe was, until at some finite time
in the past all the mass of the universe was concentrated into a single point, a "primeval atom”
1924, Hubble developed a series of distance indicators, the forerunner of the cosmic distance
ladder, using the 100-inch (2,500 mm) Hooker telescope at Mount Wilson Observatory. This
allowed him to estimate distances to galaxies whose redshifts had already been measured,
mostly by Slipher. In 1929 Hubble discovered a correlation between distance and recession
velocity—now known as Hubble's law. velocity = HyDistance H=70 Km/s/Mpc
Mpc=mega parsec 1 parsec = 3.262 light-years
Lemaitre had already shown that this was expected, given the Cosmological Principle
1930°th Milne model,[54] the oscillatory universe

Fritz Zwicky's tired light hypothesis.
1945’th Fred Hoyle's steady state model,

George Gamow, who introduced big bang nucleosynthesis 13.7 bilion years ago

Ralph Alpher and Robert Herman, predicted cosmic microwave background radiation
1949 in BBC radio program Hoyle coined “Big Bang” term applied to Lemaitre's theory




1964 cosmic microwave background radiation measured by American radio astronomers Arno
Penzias and Robert Wilson in Bell labs was the culmination of work initiated in the 1940s, and
earned the discoverers the 1978 Nobel Prize.

Predicted microwave background noise temperature T.=2.725(1 +z) z=redshift factor

Other experimental supports to the Big Bang:

Big Bang nucleosynthesis predicts ebundancy of
helium-4, helium-3, deuterium, and lithium-7
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Detailed observations of the morphology and

distribution of galaxies and quasars -
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Clouds of primordial gas, by analyzing absorption B
lines in the spectra of distant quasars, contain |
Only hydrogen and deuterium.



Satelite telescopes: Cosmic Background Explorer 66 [COBE]
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Hubble eXtreme Deep Field
HST ACS/WFC WFC3/IR
Lookback Time




Dark energy

Dark matter



Grvitation waves from two black holes rotating around each other — 2015
lose energy by the irradiated gravitational waves




Grvitation waves from two black holes rotating around each other — 2015
lose energy by the irradiated gravitational waves




The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Laser interferometer
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Einstein Cross

Lensing
Galaxy

Kip Thorne (CALTECH)
Numerical Relativity
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GRAVITATIONAL
LENSING:

A Distant Source
Light leaves a young,
star-iorming blue galaxy near
the edge of the visible universe.

A Lens
Of ‘Dark Matter’
Some of the hight
passes through a large
cluster of galaxies and sur-
rounding dark matter, direClly inthe o3

line of sight between Earth and the . ; B i
distant galaxy. The dark mattar's gravity z . ' v'v AY
acts like a lens, bending the incoming light. :

Focal Point:
Earth

Mast of this light is
scattered, but some is
focused and directed toward
Earth. Obsarvars see multiple,
distorted images of the background

galaxy,

Seurce
e Labs,

Lucen! Technologies
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