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The Dark Universe



Questions

How did the universe evolve?

What does the universe consist of?

How can we explore the past of the universe by observations?
How can we model the evolution of the universe?

How can we learn about invisible objects and processes in the
universe?



The dark side of the universe

74% Dark Energy

4% Atoms



The dark side of the universe
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Big Bang cosmology

* The universe expands:
Hubble flow

* |t started out very hot:
Cosmic microwave Discovery ofF ExpAnDING UNIVERSE

background

* Upon cooling, the
fundamental forces, particles,
and light chemical elements
“froze out”
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The cosmic eras

Superstring /
Supergravity Era
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The cosmic microwave background

Dark Energy
Accelerated Expansian
Afterglow Light
Pattern Dark Ages Development of :
400,000 yrs. | Galaxies, Planets, etc. - ‘

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billian years




The cosmic microwave background

* (CMB spectrum is perfect black body

e spatial fluctuations on level 10™

_ Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

|
§
]
-
13
E WMAP measurements




Dark Matter + Dark Energy
affect the expansion of the universe
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Cosmic parameters and luminosity distance I

Friedmann cosmology

Assumption:
homogeneous and isotropic universe

Null geodesic in a Friedmann-Robertson-Walker metric:
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Cosmic parameters and luminosity distance 11

The equation of state parameter ®

General luminosity distance

i

g”)c \Ej Q (1+2) +Z (1+2)% | gt

2

* with « =1-> Q, and o, = 4
; £;€

Oy~ 0 (matter)
ox= X (radiation)
®,= -1 (cosmological constant)



2

matter density (G, )

Combined Constraints REFLEX &
SNlaon Q. and W,

Data from REFLEX and SN observations of

Riess et al. 1998 and Perimutter et al. 1999 A = pA2)

[Schuecker et al. 2003]
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Mg~ 5 log(h/65)
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Exploding accreting white
dwarfs as
"standard candles”




Gravitational Lensing

Weak gravitational lensing by
galaxy clusters produces
multiple images and arcs for
background sources and
measures the Dark Matter
distribution

SoEnoeE

Galaxy Cluster Abell 1689
Hubble Space Telescope » Advanced Camera for Surveys

observer MASA, M. Benitez (JHUY, T, Broadhurst (The Hebrew Universityd, H, Ford (JHU), M, Clampinl3TSal),
;. Hartig (5TScl), G. lingworth [LCOLck Observatory), thie ACS Scence Team and ESA
STScl-PRCO3-Ma




The cosmic structure formation

FROM THE DARK AGES...

After the emission of the cosmic microwave background radiation [about 400,000 years after
the big bang), the universe grew increasingly cold and dark. But cosmic structure gradually
evolved from the density fluctuations left over from the big bang.

{ pillion years
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Emission of
cosmic background
radiation Dark ages

First stars

First supernovae

... 10 THE RENAISSANCE and

The appearance of the first stars and protogalaxies black holes Pr;t;rggilgxg
[perhaps as early as 100 million years after the big bang) set off

. . Modern palaxies
a chain of events that transformed the universe. g



Anisotropy Power (uK?)
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log [Ev ji] (cmi2 s Mev®)

Cosmic neutrino background
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Gravitational wave background
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Cosmic Rays
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Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

HST Image of a Gas and Dust Disk

Ground-Based Optical/Radio Image

380 Arc Seconds
88,000 LIGHTYEARS

17 Arc Seconds
400 LIGHTYEARS
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