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Abstract: What is the Universe made of ? Recent observations suggest surprising results: not only most of the matter in the Universe is dark and
unconventional but, more surprisingly, the major component of the Universe may be in the form of 'dark energy' -- aform of energy that opposes the
pull of gravity and causes the expansion of the universe to accelerate. By combining recent observations of clusters of galaxies, distant supernovae,
and the cosmic microwave background, we find evidence for a Universe that has only 5% 'normal’ baryonic matter, 20% non-baryonic dark matter,
and 75% 'dark energy'. The observations suggest a Universe that is lightweight, with only 25% of the critical mass-density needed to halt the
Universal expansion, and a geometry that is flat with no space curvature. The observations of the dark side of the Universe and their implications
will be discussed.
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What is the Universe Made of?

+ Luminous matter: Stars, Galaxies, Gas
+ Dark stuft:

» Dark Matter: How know? How much?
Where? What is ic?

» Dark Energy: How know? How much?
Where? What is it?










Weighing Galaxies

4+ Motion (v) of Stars and Gas: v =GM(<r)/r
[ Virial Theorem: GM(<r)my/rZ ~ mve/r ]

4+ Gravitational Lensing: M(<r)

4+ Data show velocity and mass in large halos
around luminous galaxies

= Implies: Dark Matter in Galactic ralos!
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Mass-Density of Universe: How Much? Where?

Mass-to-Light Meithod

. (Tracing the Dark Matter)

* <M/ L> cl Luniv( Lo/v Ol) =P m( Mo/ VOI)
® Weigh cluster mass, M_ (<R~1Mpc)

¢ = <M/L>, = 300h <M/L>,
’ i 'Qm - prr/ Pcritical

- J_‘{f.ﬁ rJ 0.12 —IL_'QJ;I.
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Mass-Density of Universe: How Much? Where?

Mass-to-Lignt Method

. (Tracing the Dark Matter)

® <M/L>,L,(L/Vol) = p,(M,/Vol)
® Weigh cluster mass, M_ (<R~1Mpc)

¢ =
=

<M/L>_, = 300h <M/L>,
'Qm - pn/pm'tfcal

- _'1_‘{’.‘” rJ 0.12 _J'L—'_r).:--_l.
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Mass—to—Light Ratio vs. Scale 3
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M/L (R) SDSS (sancail & kulier 2010)

A 'or 4 combsned NCNness Dins.

EN=3L N=4 amaN=§
=N 2N 17T 2 M@=N=28 -
e W BN N sNsTL ad TV sNs220 —
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Ml /L Function: Conclusions

M/L(r) Function Flattens on Large Scales:
14 w2 L (on large scales)

reaching the end of growth of Dark-Matter

Most of the Dark Matter in large Dark Halos

Total Mass-Density of Universe:
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Weilgning tne Universe

* M/L Function Q =02+-0.05
* Baryon Fraction 0.249 +- 0.04
» Cluster Abundance 0.2 +- 0.05

and Evolution [o=0.9 +- 0.1]
* Supernovae Ia + Flat 0.25 +- 0.05
B CMB + LSS + h + Flat  0.24 +- 0.04
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4-5% Baryons + ~20% Dark Matter
¢ Mass ~ Light

B = Universe Expands rorever!

&



oy = 0

2. from Baryon-=rraction
+Q,/Q =0.17 +- 0.02 107

(Clusters; CMB)

+ Q, = 0.042 +- 0.004 (88n; cMB)
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Dark Matter

4+ How know?
=> Gravity: Maotion, Gravitational Lensing
4+ Where is it located?
- Large Galaxy Halos, Clusters
4+ How much?
= ~20% of Critical Density
[atoms/luminous: only ~5%]
4+ What is it?

727
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Universe Expansion:
Hubble Law




Hubble Expansion of Umverse

Perimutter. er al. (1998)

26
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‘More total expansion of universe
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Universe acceleration =

Dark-Energy ‘Streich™ > Mass-Density pull’

(at present time)
+ Acceleration: Q,, - Q, ~-0.5
+ Mass-Density: Q. ~ 0.25
2 Q, ~0.75

wnatisic ?2 = 7277




CONTENTS OF THE UNIVERSE
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Universe s Baby Pictures (wmar
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The Content of the Universe

4+ Baryons (5%): Stars, Galaxies, Gas, ....

+ Dark Matter (20%): New particles (?)

4+ Dark Energy (75%): Cosmological Constant?
[ or GR modified? Or else? ]

4+ Flat Universe (2, = 1)




Dark Energy. Determining Properties
w, w(z)

SNIa [ D(2)]

Baryon Acoustic Oscillations [BAO; D(z) ]
Cluster Abunance Evolution [D(z) + gravity]
Weak Lensing Evolution [D(z) + gravity]




Universe Will Expand Forever

becoming:

¢ Larger and Larger

® Sparser and Sparser
® Darker and Darker

® Colder and Colder




