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Composition of Present Universe

0.03%

Neutrinos:
0.3%

Stars:
0.5%

Free Hydrogen
and Helium:
4%

Dark Matter:
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Dark Energy:
70%




Evidence Of Dark Matter



Historic Evidence For Dark Matter
+ Velocities in COMA (1937)

+ Velocities in Local Group (1959)
* Galactic rotation curves (1970s)
+ Studies of CMB (1980s)

* Gravitational weak lensing

* Crossing of galaxies (2006)




» Fritz Zwicky measured the mass of 8 galaxies in the
COMA Cluster in 1937.

. Light from COMA suggested that M ~ 10 M_

- Measured velocities, ~ 1200 km/s, implied M ~ 5x10™* M,
50 times more massive than expected [ApJ 86, (1937) 2171.




Evidence From Galactic Rotation Curves

- The velocity of a rotating galaxy is
v,, GM(R)

R R*

- Measured v, . by the Doppler shift of star light
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DARK MATTER IN MILKY WAY

From 2MASS two Micron All Sky Survey:

only 5-10% of matter
visible!
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VIRGO HIZ21: A GALAXY OF DARK MATTER !
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DARK MATTER AROUND OTHER GALAXIES
Abell 2029:

* A cluster of thousands of galaxies surrounded by gigantic clouds
of hot gas, T~ 10° K.
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Dark Matter At Larger Scales




Galaxy (M31)

@ wo=.  Dark Matter At Larger Scales
| "~ = Size of Local group: 2.2 MLy

= Milky Way & M31 dominate Local Group

= Enormous gravit. pull between the two galaxies

= Tnvisible mass > 10 x M,y

Small Magellanic Large Magellanic
Cloud Cloud

" Local Group at the fringe of Virgo cluster




Galaxy (M31)

@ wo=.  Dark Matter At Larger Scales

" Size of Local group: 2.2 MLy
= Milky Way & M31 dominate Local Group
= Enormous gravit. pull between the two galaxies

= Tnvisible mass > 10 x M,y

Small Magellanic Large Magellanic
Cloud Cloud

" Local Group at the fringe of Virgo cluster

v~ 1,6x10¢ km/N




@ w-e Dark Matter At Larger Scales

Galaxy (M31)

" Size of Local group: 2.2 MLy
= Milky Way & M31 dominate Local Group

My Wy = Enormous gravit. pull between the two galaxies

= Tnvisible mass > 10 x M,y
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@ w-e Dark Matter At Larger Scales

Galaxy (M31)

" Size of Local group: 2.2 MLy
= Milky Way & M31 dominate Local Group

My Wy = Enormous gravit. pull between the two galaxies

= Tnvisible mass > 10 x M,y

' Smﬂ"c*;’;g;"a"'c- Large Magellanic
NGC 6822 il i Local Gr'oup a’r the fringe of Virgo cluster
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= Tnvisible mass > 10 x M



Galaxy (M31)

@ w-e Dark Matter At Larger Scales

" Size of Local group: 2.2 MLy
= Milky Way & M31 dominate Local Group

My Wy = Enormous gravit. pull between the two galaxies

= Tnvisible mass > 10 x M,y

. SmallMagellanic 3o Magellanic
NGC 6822 i Sl * |ocal Gr‘oup a’r the fringe of Virgo cluster
| s e Vlr'go clus'rer'
v ~ 1.6x106 km/té G
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= Local group pulled towards Vlr'go clusfé‘F‘“ e N 2 x 106 km/h

= Tnvisible mass > 10 x M, Virgo Cluster is pulled

towards an invisible “"Great
Attractor”



Observer
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How much Dark Matter in the Universe ?



Dynamics Of The Universe

m
M = mass of the Universe
R = radius of the Universe

m = mass of a galaxy at R

- From Newtonian mechanics:

mM
_m-2 =_G_

* Include the potential energy of the vacuum:
4

v m
E o = _Gﬁ(pv g”R3) With energy density of vacuum p,= c?A/8n6

A = cosmological
- The total energy of the system:

Ein *Epor = Bt

pot

- IR +(—%—lmAczR2)=Em
2 R 6

constant




Dynamic Of The Universe (Cont.)

E,,; depends on the geometry of space.

From Einstein's equation:
1 811G
R —gWR =— "

w5 T, +Ag,,

implies
P m_ , GMm 1 e mc’
—R +(—T—gmACR )=Et0t=_k

2
where k is the curvature of space:

k < O (open)
k = O (flat)

k >0 (closed)
The force acting on the galaxy is:

2

attractive  repulsive



Hubble's Law And Critical Density

+ Substitute the Hubble's law
R(t) = H®R(t) H(present) = H,= 71 km s"'Mpc!

into oM | ,
R -2 _ ZmACRY) =E, = k=
2 R 6 2

and yields

2

87 ke? | -
=H®)* =|—G(p + _ _—_ || Friedmann
( ) 3 (,0 pV) R2 equation

- —  p,= c2A/81G

* For A = O, the critical density of the Universe is defined as

3H"

Pe=g = = k=0 (flat)




More On Critical Density

_3H’
871G

P

. At present, p,=19 x 1020 kg/m3>  (~1proton/m3)
* Mass and energy parameters:

Qm = pO/pc QA:pv/pc

1 1 | I | I 1 I 1

where p, is the present value.

(2
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15 thousand million years

The Big Bang

the
L quark ©  deuterium £
Z  enti-quark tie helium 3 degrees K': i,
e - electron L1 lithium Ton,



* From Big Bang

nucleosynthesis:
n+p->D
p+D—>3He
n+D->T
T+p > *He

SHe + n > “He
D+D-> “He

. lﬂéSVJTe-F Zeﬂf&n’rs were ‘

formed at t ~10°yr. ..

Determining €,

ION

MASS FRACT

+ Get D/H from quasar

absorption lines.
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Evidence Of Q,
* From studying Type 1A supernovae as a function of
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Q, . From Inflation Of The Universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion

I‘

13.7 billion years

At t~10-3° s, the Universe inflated by 10°°, leading to a
flat space:




Anisotropy Of Cosmic Microwave Background

Image of early Universe imprinted on the temp. anisotropy of CMB

v = S

= 300 ky after Big Bang, photons decouple from matter: T =6000 K

= Before decoupling: plasma oscill. of photon-baryon fluid generated sound waves
= CMB: snap shot of sound waves when rad. decoupled

= Today, light is red shifted by 1/1000, T=3K

= Small AT/T implies visible Universe once causally connected — Inflation!




Angular diameter of the moon
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Summary of Results

WMAP Results:
Q. .=102+0.02

Q. = 0.04:0.004

Q =0.27£0.04
Q, =0.73:0.04

Hy = 71x4 km/sec/Mpc

To=13.7£0.02 Gyr

Other :

Inflation: Q,,=1

BBN: Q.= 0.039

clusters of galaxies, lensing
hot x-ray gas: €, =0.3
SNla -redshift: @, = 0.7

Hubble: H,=72+4 km/sec/Mpc

Hubble: 11 Gyr



Supernova Cosmology Project

Knop et al. (2003)

Spergel et al. (2003) |

Allen et al. (2002)

Supernovae
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Dark Matter: Development of Structure

» Big Bang created dark matter and

ordinary matter

* Dark matter decoupled early

* Dark matter formed clumps

~* Ordinary matter flowed in




HST: Near infra ;ed
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2dF Galaxy Redshift Survey
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Any structure formed by ordinary matter from Big Bang nucleosynthesis

would be thinned out by expansion. 31




Q Parameters From Large-scale Structure

L | "l"l | Ll 'l'l L l'lll'l | | 4 ll"ll -
e~
ST A
S .,
1 ’ s : ' -
’ Cluster
4 abundance
2 0.1 F Intergalactic L
.‘% hvdrogen .
o clumping A ‘
- | A Criravitational e
° lensing SV
= 0.01 e 'x@\ —
= E - N Cosmic E
) N St microwave 4
- -
'g i P(k) background
2 SN -
0.001 E_ galaxy -5
- clustering .
. <3
(x)-p 2
0.0001 |- PX)ZP _ Ea(k)e'“ P(k) =|8,] 3
; Y n ]
L A ljlljl L L Allljll A L lllllll L L lllllll 1 1 lllllll
10 100 1000 10000 100

Scale (millions of lightyears)

Best fit:
Qb - 50/0

QA - 700/0

Max Tegmark
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Summary

There are compelling evidences that dark matter
exists.

Dark matter makes up about 23% of the contents of
the present Universe.

Dark matter plays a key role in the evolution of the
Universe

- Provides the seed to form structures

- Prevents dark energy from tearing the structures of baryonic
matter apart

But, what is the nature of dark matter?




