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November 23, 1924

FINDS SPIRAL NEBULAE ARE STELLAR SYSTEMS; Dr. Hubbell
Confirms View That They Are 'Island Universes' Similar to Our Own.
WASHINGTON, Nov. 22. -- Confirmation of the view that the spiral nebulae, which
appear in the heavens as whirling clouds, are in reality distant stellar systems, or
"island universes," has been obtained by Dr. Edwin Hubbell of the Carnegie
Institution's Mount Wilson observatory, through investigations carried out with the
observatory's powerful telescopes.
In 1929 Hubble formulated the Redshift Distance Law, Hubble's law

Edwin Hubble (1929), "A relation between distance and radial
velocity among extra-galactic nebulae“, PNAS 15, 168–173
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On September 17, 1912, obtained
the first radial velocity of a "spiral
nebula" - Andromeda. Using the
24-inch telescope at Lowell
Observatory, AZ, he got more
Doppler shifts, establishing that
large velocities, usually in
recession, were a general property
of the spiral nebulae.

Slipher presented his results of the speed of 15 nebulae to the Am
Astronomical Society in 1914, and received a standing ovation.

Big Bang
“Condició primigènia en la qual existien unes
condicions d'una infinita densitat i temperatura”
[Wikipedia CAT]

“At some moment all matter in the universe
was contained in a single point” [Wikipedia]

Georges Lemaître

(1894-1966)

Theory, 1927: Solution (Friedmann’s) of Einstein’s Eqs

Annales Société Scientifique Bruxelles 47, 49 (1927), Eddington MNRAS (1930)

Observational evid.: V. Slipher redshifts + E. Hubble distancies

"hypothèse de l'atome primitif“

Nature 127, 706 (1931)

primeval atom, cosmic egg

Alternatives:
Steady State theory: James Jeans,1920s, conjectured a steady state

cosmology based on continuous creation of matter in the universe.
Much improved in 1948 by Fred Hoyle, Thomas Gold, and Hermann Bondi.
Hoyle, on 28 March 1949, on the BBC: “Big Bang”. Published in The Listener, 1950.

Cyclic model (or oscillating universe): In a poem by Erasmus Darwin, 1791:

universe that expanded and contracted in a cyclic manner.
Edgar Allan Poe, 1848, similar cyclic system in his essay Eureka: A Prose Poem.
Richard C. Tolman, 1934, showed cyclic model failed because
the universe would undergo inevitable thermodynamic heat death.

New cyclic model: brane cosmology model of the creation of the universe

(derived from the ekpyrotic model) proposed in 2001 by Paul Steinhardt (Princeton
and Neil Turok (Cambridge). Evades entropy problem by net expansion in each
cycle, preventing entropy from building up.

Big Bang: Evidences
• Expansion according to Hubble’s law
• CMB
Radiation
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• Abundancy of primordial elements

helium-4, helium-3, deuterium, litium-7
• Evolution & distribution of galaxies
• Primordial gas clouds
distant quasars
• Detection of primordial gravitational waves ?
17 March 2014

On the very origin

?

A mathematical singularity.

Extrapolation of the expansion of the universe backwards in time using General
Relativity yields an infinite density and temperature at a finite time in the past
[Hawking and Ellis, The Large-Scale Structure of Space-Time (Cambridge U.P., 1973)]

≈ 5.39106(32) × 10−44 s
ħ = 1.054571726(47)×10−34 J s
= 6.58211928(15)×10−16 eV s

inside Planck region

?

Inflation
App. 10−36 seconds after the origin, a phase transition caused a cosmic inflation, during which the universe grew very quickly
The inflationary epoch lasted from 10−36 to 10−35 seconds after the origin to some 10−33 to 10−32 s
de Sitter space (1917) is the analog in Minkowski space (spacetime) of a sphere in ordinary, Euclidean space. It is the
maximally symmetric, vacuum solution of Einstein's eqs, corresp. to a positive vacuum energy density and negative pressure
De Sitter space can be defined as a submanifold of a Minkowski space of one higher dimension. Take Minkowski
space R1,n with the standard metric:

De Sitter space is the submanifold described by the hyperboloid of one sheet
where

is some positive constant with dimensions of length
In the early 1970s Zeldovich: flatness and horizon problems of BB cosmology
In the late 1970s, Sidney Coleman applied the instanton techniques of A.
Polyakov et al to study the fate of the false vacuum in quantum field theory.
Like a metastable phase in statistical mechanics—water below the freezing
temperature or above the boiling point—a quantum field needs to nucleate a
large enough bubble of the new vacuum (new phase), to make a transition.
(In QFT, a false vacuum is a metastable sector of space that appears to be a
perturbative vacuum, but is unstable due to instanton effects that may tunnel
to a lower energy state. This tunneling can be caused by quantum fluctuations
or the creation of high-energy particles. This is analogous to metastability for
first-order phase transitions.)
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baryonic (Plausibly it is made up of the hypothetical elementary particles postulated in the 1980s, for example axions or the
lowest mass supersymmetric partner of the known particles.) incompatible with the flat geometry predicted by inflation
unless the Universe contains an additional unclustered and dominant contribution to its energy density, for example a
cosmological constant Λ such that Ωm + ΩΛ ≈ 1. Two largescale structure surveys carried out in the late 1980s, the APM
(automated photographic measuring) photographic survey and the QDOT redshift survey of infrared galaxies, showed that
the power spectrum of the galaxy distribution, if it traces that of the mass on large scales, can be fitted by a simple CDM
model only if the matter density is low, Ωm ≈ 0.3. This independent confirmation of the dynamical arguments led many to
adopt the now standard model of cosmology, ΛCDM. The supernova evidence is consistent with ΩΛ ≈ 0.7, just the value
required for the flat universe predicted by inflation. [The large-scale structure of the Universe, Volker Springel, Carlos S.
Frenk & Simon D. M. White, NATURE, 440, 27 April 2006]

Gravitational waves

,

stress–energy tensor plus quadratic terms involving

Linear approximation, space is nearly flat
The pattern of polarization in the cosmic microwave background can
be broken into two components. One, a curl-free, gradient-only
component, the E-mode (named in analogy to electrostatic fields),
was first seen in 2002 by the Degree Angular Scale Interferometer
(DASI). The second component is divergence-free, curl only, and is
known as the B-mode (named in analogy to magnetic fields). The
electric (E) and magnetic (B) modes are distinguished by their
behavior under a parity transformation n → -n. E modes have (-1)l
parity and B modes have (-1)l+1. The local distinction between the two
is that the polarization direction is aligned with the principal axes of the polarization amplitude for E and crossed 450 for B.

QUANTUM VACUUM FLUCTUATIONS
OF SPACETIME ITSELF?
BICEP2'S SNAPSHOTS OF THE CMB POLARIZATION

On 17 Mar 2014, John Kovac announced that, by looking
at the CMB signal, BICEP2 had found the imprint of
gravitational waves from the Big Bang:
*polarization of the CMB
*curly patterns known as B modes
*generated by gravitational waves during inflation

Sergi R.
Hildebrandt

We report results from the BICEP2 experiment, a cosmic microwave background (CMB) polarimeter
specifically designed to search for the signal of inflationary gravitational waves in the B-mode power
spectrum around t,..., 80. The telescope comprised a 26 cm aperture all-cold refracting optical system
equipped with a focal plane of 512 antenna coupled transition edge sensor 150 GHz bolometers each with
temperature sensitivity of ~300 µKCMB JS . BICEP2 observed from the South Po le for three seasons from
2010 to 2012. A low-foreground region of sky with an effective area of 380 square deg was observed to a
depth of 87 nK deg in Stokes Q and U. In this paper we describe the observations, data reduction, maps,
simulations, and results. We find an excess of B-mode power over the base lensed-ACDM expectation in
the range 30 < t < 150, inconsistent with the null hypothesis ata significance of > 50". Through jackknife
tests and simulations based on detailed calibration measurements we show that systematic contamination is
much smaller than the observed excess. Cross correlating against WMAP 23 GHz maps we find that
Galactic synchrotron makes a negligible contribution to the observed signal. We
also examine a number of
__________________________________
available
models of polarized dust emission and find that at their default parameter values they predict
____________________________________________________________________________________________________________________________________
power
"'(5- lO)x smaller than the observed excess signal (with no significant cross-correlation with our
____________________________________________________________________________________________________________________________________
maps).
_______ However, these models are not sufficiently constrained by externa! public data to exclude the
possibility of dust emission bright enough to explain the entire excess signal. Cross correlating
BICEP2 against 100 GHz maps from the BICEPl experiment, the excess signal is confirmed with 30"
significance and its spectral index is found to be consistent with that of the CMB, disfavoring dust at l. 7O".
The observed B-mode power spectrum is well fit by a lensed-ACDM + tensor theoretical model with

Could Quantum Gravity ever be detected?
Freeman Dyson at Singapore conference Aug 2013, celebrating his 90th Birthday:
*physically impossible
*to detect individual graviton, mirrors need be so heavy they would collapse to form a Black Hole
But L. Krauss & F. Wilczeck, Phys. Rev. D89, 047501 (2014):
• gravitational waves stretch spacetime along one direction while contracting it along the other
• would affect how electromagnetic radiation travels through space, causing it to be polarized
• ”…measurement of polarization of CMB due to gravitational waves from Inflation would firmly
establish the quantization of gravity”
• gravitational waves can be traced back to individual gravitons, “…what we finally hope to
detect is the signal from a single graviton amplified by the Universe expansion”
And Alan Guth ”…the expected gravitational waves arise from the quantum
properties of the gravitational field itself, and are not merely a by-product of the gravitational
field interacting with the quantum fluctuations of other fields”

• BICEP2 wavelength of 2 mm (frequency 150 GHz):
maximum difference between CMB signal and contaminating sources

• Planck observed whole sky at nine different wavelengths (0.3 mm - 11.1 mm):
cover infra-red, microwave and high-frequency radio parts of spectrum
• BICEP2 detected signal might be explained by local contamination (dust)
• Planck identified regions less contamin than BICEP2 field, better for experiment
• Gravitational lensing deflects CMB photon trajectories:
twists E-modes to have some component of B-modes
• Instrumental systematics? Galactic foregrounds? Cosmology?
• New in 2014: Keck Array 1000 detect to 100 GHz: very important results there!!
• BICEP3 (2015 - ) will deploy 2056 detectors at 100 GHz (only 800 in 2015)
 Strength scales with energy scale of inflation.
Detectable if inflation happened at 1016 GeV (GUT Scale)

Very latest developments:
 B2P realized B2 had exceptionally bad luck
 S Pole región has huge dust stream (inter Magellanic clouds)
 Dust polariz r = .2 as corresp to GUTs (1016 GeV): fatal coincidence !!
 Only 1 frequency, no discrim power against dust
 Needed to involve astronomers: multidisciplinary team
 Combining B2 and UpKECK: r = .06 ± .04
 B2P r < .13 at 95%
 UpKECK alone: r = .03
 The probably wisest guess: r = .01 ± .005 (optimistic)
 Wait for B3 and full KECK at 100 GHz:
 discriminating power against dust
 from 150 to 100 dust signal 4 times less
 If this scaling is broken: some cosmological signal remnant !!

The Magellanic Clouds
Known since prehistoric times, since
there is no bright south polar star,
these two glowing patches in the
southern sky helped navigators to
mark the pole. Europeans heard of
them during Magellan's expedition
around the world, early 16th C. The
two clouds are small galaxies moving in
orbits around the Milky Way.
They are connected by a bridge of diffuse hydrogen gas: the Magellanic Stream. This long
filament also extends from the small cloud in an arc beyond the south galactic pole, reaching in
the other direction into the plane of the Milky Way, and resembles a bridge between the two
clouds themselves. The Magellanic Clouds are satellites of our own galaxy and their orbits are
likely to take them through the Milky Way disk. Astronomers speculate that the Magellanic
stream is a tail of gas drawn out during such an encounter about half a billion years ago.

Six science stories we can't wait to follow in 2015 - LA Times
6. The search for ripples in the structure of spacetime continues
Scientists in the BICEP2 collaboration rocked the astrophysics world when they
announced in March that they had picked up signs of cosmic inflation -- the
universe's giant growth spurt shortly after the Big Bang -- as well as evidence of
gravitational waves, ripples in the structure of spacetime that have been theorized
but never detected. Data from the European Space Agency's Planck spacecraft,
however, allowed other researchers to poke holes in the findings, leaving the
discovery up for debate.
Another paper will be coming out in January, according to Caltech astrophysicist
James Bock, one of the lead scientists on the BICEP2 team. The scientists will
continue to scan the skies in 2015 with their next-generation experiment, BICEP3.

Thank You

