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Four roads to dark matter:

Gravitational Direct

Indirect Production



Bullet Cluster, Clowe et al 2006, ApJ, 648, L109
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Fluctuation generator
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(Graphics from Gary Hinshaw/WMAP team)
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Formation movies
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(Figure from Wayne Hu)

(Figure from WMAP team)
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QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.
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z = 1000
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z = 2.4
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z = 0.8

M
at

hi
s, 

Le
m

so
n,

 S
pr

in
ge

l, 
K

au
ff

m
an

n,
 W

hi
te

 &
 D

ek
el

 2
00

1



Max Tegmark
Dept. of Physics, MIT

tegmark@mit.edu
Hunt for Dark Matter

May 11, 2007

M
at

hi
s, 

Le
m

so
n,

 S
pr

in
ge

l, 
K

au
ff

m
an

n,
 W

hi
te

 &
 D

ek
el

 2
00

1 z = 0



Max Tegmark
Dept. of Physics, MIT

tegmark@mit.edu
Hunt for Dark Matter

May 11, 2007

Lyα

LSS

Clusters

Lensing

Tegmark & Zaldarriaga, astro-ph/0207047 + updates

CMB
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Galaxy power spectrum measurements 1999
(Based on compilation by Michael Vogeley)
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LSS
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LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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LSS

Clusters
CMB

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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Cosmic strings

Open 
universe

Inflation 
with Λ

Inflation 
without Λ
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LSS

Clusters
CMB

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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Lyα
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Current lensing measurements:

Compilation from Munshi, Valageas, van Waerbeke & Heavens, astro-ph/0612667
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Galaxy power spectrum measurements 1999
(Based on compilation by Michael Vogeley)
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PSCz 15000 gals:

(Data points uncorrelated)

(Hamilton, Tegmark & Padmanabhan 2000)
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400000  common gals

60000 LRG’s

Vanilla rules OK!
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400000  common gals

60000 LRG’s
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Our observable 

universe



LSS

Our observable 
universe



LSS

Our observable 
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LSS

Common gals: 
too dense

Quasars:
too sparse

LRG’s:
just right!

Why LRG’s are “Goldilocks galaxies”:
60000 LRG’s have more statistical power 
than 2 million regular gals



Cosmological 
parameters
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Effects 
of dark 
matter



par movies



Max Tegmark
Dept. of Physics, MIT

tegmark@mit.edu
Hunt for Dark Matter

May 11, 2007

How much dark matter is there?

CMB
+
P(k)

=ρd /(1.8788×10−26 kg/m3)

ρ b
/(1

.8
78

8×
10

−2
6

kg
/m

3 )

Why are we 
cosmologists so 
excited?
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Ruled out by CMB 2000
(COBE, Boomerang, MAXIMA, etc)
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Neutrinos
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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CMB
+

LyαF

+
P(k)
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It's tough to make predictions, 
especially about the future.

Yogi Berra
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Upcoming lensing measurements:

Ongoing

Within 
a year

Not yet 
guaranteed
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Nailing normalization is nontrivial:

WMAP

Weak 
lensing

Clusters
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Upcoming massive galaxy redshift surveys:

•AAO wigglez

• AS2 BOSS

• LAMOST

• LOFAR/21cm/21CMA/SKA

• Subaru WFMOS?

•Adept?
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Our observable 

universe



LSS

Our observable 
universe



LOFAR

MWA

21CMA 
(né PAST)

Now 3 funded 21 cm tomography experiments:



MIT: Judd Bowman, B. Cappallo, Brian 
Corey, Angelica de Oliveira-Costa, 
Sheperd Doeleman, Jaqueline Hewitt, H. 
Hinteregger, Justin Kasper, Eric 
Kratzenberg, Colin Lonsdale, Miguel 
Morales, Divya Oberoi, Joseph Salah, 
Max Tegmark
CfA: Lincoln Greenhill, Lars Hernquist, 
Avi Loeb, Doug Mitchell, Randall Wayth, 
Matias Zaldarriaga
Melbourne: David Barnes, Chris Johnson, 
Bob Sault, James Stevens, Randall 
Wayth, Rachel Webster, Stuart Wyithe
Curtin University: David Herne, Mervyn 
Lynch, B. Stansby
Sydney University: Bryan Gaensler 
ANU/Stromlo: Frank Briggs, J. Kocz
Yale: Steve Furlanetto
CSIRO/ATNF: J. Bunton, C. Jackson, M. 
Storey
Also U. Tasmania, W. Australian Gov’t

Mileura Wide-Field Array (MWA):
• 500 16-dipole 
antennas
• Radio quiet Mileura 
site
• Full cross-
correlation of all 
500 antennas
• Very wide 20°– 40°
field of view
• Designed to 
minimize & control 
systematics
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Lyα

LSS

Clusters

Lensing

Tegmark & Zaldarriaga, astro-ph/0207047 + updates

CMB
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75%

21%

Cosmological 
data

Cosmological 
Parameters



4%

75%

21%

Cosmological 
data

Fundamental 
theory ?

Cosmological 
Parameters

Nature of dark matter?

Nature of dark energy?

Nature of early Universe?

Why these particular values?

•P(k,z)
•Substructure




