Special Lecture
Cosmology _
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Universe is expanding
%e_. —

® Approaching ambulance:
higher key

® Moving-away ambulance:
lower key Y

® Much the same way,
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Expansion of Space

® The spacetime itself is
stretching, stars dragged
away

® Universe getting colder
as it expands

® |t was much hotter
earlier: Big Bang



Inflation
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Cosmic Microwave




Afterglow of Big Bang




Intensity, 10-4 ergs / cm2 sr sec cm-1
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CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE
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Isotropy of CMB

The CMB has the temperature no matter
which direction you look at the level of 10
Maybe we are at the center of the universe!
More likely the CMB is almost completely
homogeneous

universe at T~4000K was extremely
homogeneous

How come the current universe isn’t
homogeneous!
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Cluster of galaxies
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A false-color computer reconstruction of the dark
matter mass per area in the cluster CLO024+1654,
seen in projection. This mass, over 300 million trillion
times the mass of the Earth, is responsible for the
cosmic mirage. Individual galaxies

in the cluster appear as mass pinnacles.




galaxy map
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Structure Formation

® Somehow extremely homogeneous
universe eventually became bumpy

® Gravitational instability!

® gravity only pulls, doesn’t push
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Dipole anisotropy

NTOBNA



Dipole anisotropy




Dipole anisotropy
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Dipole anisotropy

® VVe are not in the reference frame of CMB

o Mllky Way galaxy moves at a speed of about
@ 2
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Dipole anisotropy

MORTH CELESTIAL POLE

SOUTH CELESTIAL POLE




growing uneasiness

® Before COBE, upper limit Sy
on CMB anisotropy kept Big Bang not yet dead

getting better and better but in decline”’

® Before 1998, the universe
M Nature 377, 14 (1995)
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growing uneasiness
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® Before COBE, upper limit
on CMB anisotropy kept
getting better and better

® Before 1998, the universe
appeared younger than

oldest stars
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DIFFUSE INFRARED :
BACKGROUND EXPERIMENT  L»p iFRARED ABSOLUTE

SPECTROPHOTOMETER
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“If you are a religious
person |t' Ilke seelng
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Precision Cosmology
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Cosmological
Parameters

® One can extract cosmological parameters
from linear perturbation theory
p(Z,t) = po(t)(1 + d(Z,¢))
® Use CMB anisotropy, galaxy power
spectrum

http://space.mit.edu/home/tegmark/movies 60dpi/Ol_movie.html

® more recently, weak lensing, baryon
oscillation
® rely on simulation once § ~ O(1)


http://space.mit.edu/home/tegmark/movies_60dpi/Ol_movie.html
http://space.mit.edu/home/tegmark/movies_60dpi/Ol_movie.html
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Energy Budget
of the Universe

@ stars
Stars and galaxies are only ~0.5% ® barvon

@® neutrinos
Neutrinos are ~0.1—-1.5% ® dark matter
Rest of ordinary matter @ dark energy

(electrons, protons & neutrons) are 4.4%
Dark Matter 23%
Dark Energy 73% /
Anti-Matter 0%

Dark Field ~10%2%??




Energy Budget

of the Universe‘

@® baryon
@® neutrinos

Stars and galaxies are only ~0.5%
Neutrinos are ~0.1-1.5%
Rest of ordinary matter

(electrons, protons & neutro
Dark Matter 23%

Dark Energy 73%
Anti-Matter 0%
Dark Field ~1002%??



Don’t be afraid of
invisibles

Pauli regretted to have predicted neutrinos
nobody can detect

Trillions of them go through our body every
second
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Finding Dark Matter

Direct method -

D e
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Finding Dark Matter

Indirect method
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Finding Dark Matter

Indirect method
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Producing Dark Matter
in the laboratory

® Collision of high-energy | =T
particles mimic Big Bang 7
® Ve hope to create Dark
Matter particles in the
laboratory
® Look for events where  *
energy and momenta are
unbalanced
“missing energy” E

miss
® Something is escaping

the detector E
® electrically neutral, :

weakly interacting :
:Darl( Matte r!? YX hist.of BaomiC. 0 X 500cm
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VWhy do they all look
the same!

® |ike having discovered
two remote islands in
very different parts of
the world, speaking the
same language

® even the accents are

nearly the same: one
part in 100,000

® we suspect they had
communication




Stretching the universe

® A spinless field with
relatively flat potential

e displaced from the V()
minimum at the beginning

® rolls down slowly

® universe expands
exponentially: inflation

® the entire visible universe P
emerged from a small
causally connected patch

® no wonder everybody
“speaks the same language’
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Inflation
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Seeds for structure

® Cosmic Inflation stretched
the new-born microscopic
space to our entire visible
universe

e OK, that explains why the
temperature is the same.
What about the difference!? ESIEE

® Observed density o
perturbation is due to |
quantum fluctuation of
inflaton

Comoving y [h-! Mpec]

0
Comoving x [h-! Mpe] (towards ra=0)




Quantum Fluctuation

Inflation is an exponential expansiona(t) = a(0)e'"’

During the inflation, the expansion rate of "
the universe is more or less constant H — >

only a fixed size of the space remains in

: C
causal contact: ‘horizon” dy = —

H
it is like living in a box

quantum fluctuations Ap ~ il

AZU:dH



Classical Fluctuation

quantum fluctuation in energy density with
wave lengths \ < dy

Inflation stretches the wave length, goes
beyond the horizon \e''* > dy

Once beyond horizon, no longer causally
connected

quantum fluctuation becomes classical
frozen in as the density fluctuation

nearly scale-invariant Gaussian fluctuation



How do we know
it really happened!

® cverything gets quantum
fluctuation, including
gravitons

® Gravitons from quantum
fluctuation gives B-mode
polarization in CMB

® The size is directly
proportional to the

inflationary energy scale
=POLARBEAR
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Who caused inflation?

® Superpartner of a heavy
neutrino V

® displaced from the ((P)
minimum at the beginning

® rolls down slowly: inflation

® decays into both matter and
anti-matter, but with a P

® decay products contain 50 100 150 200 250 300 250
supersymmetry and hence
Dark Matter

log R

H. Murayama et al, PRL 70, 1912

/0 100 150 200 250 3200 350
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Conclusion

COBE’s discovery of CMB anisotropy
settled a critical issue with Big-Bang
cosmology

why is there structure in universe now, so
that we can live?

it grew from tiny ~10-> density fluctuations
best source is quantum fluctuations during
inflationary expansion of universe

we are born from quantum noise





