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Budget
Ordinary Matter

5%

Dark Energy
66%

Cold Dark Matter
29%

Ordinary Matter

Dark Energy

Cold Dark Matter

Hot Dark Matter

Photons

Budget Deficit

h2Ωb=.021+.006
−.006

•Matter Budget

•Early Universe

•Gastrophysics

ΩΛ=0.66+.10
−.13

h2Ωc=0.12+.05
−.03

h2Ων=.001+.04

h2Ωγ=0.0001
Ωk=0.00+.06

−.06

(95% limits)

Scalar normalization Q ~ 10−5

Scalar tilt                     n = 0. 93 +.12

Running of tilt            α = ?

Tensor normalization R < 0.2

Tensor tilt                    nT = ?

−.10

Is cosmology solved?
We still have no clue
what 95% of all stuff 
is made of!

Reionization optical depth τ � = � 0.07+.16

Galaxy bias                          b ~ 1 (for 2dF L*)
Hubble parameter              

−.07

h=0.65+.11

−.11

THOSE PESKY PARAMETERS: WE’RE ZEROING IN!
(August 2002)

(Post-CBI 
parameters from
Xiaomin Wang)
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Beyond cosmological parameters, summary:
�

Test the underlying physics rather than assuming it
�

Cosmological functions rather than cosmological parameters
�

Measure the free functions rather than parametrizing them in a way involving 
untested physical assumptions - a form of data compression

Do observations disagree with each other or with theory?

Data   => Cosmological functions   <= Theory
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Big 
Bang 
Zoom

Higher order:
gastrophysics

0th order: a(t)

1st order: g(z,k)
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Measuring
a(t)
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zoom

Tegmark 2001
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SN Ia

Tegmark 2001
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Boom
zoom

SN Ia

Tegmark 2001

NOW
SNAP

See also Wang & Garnavich 2001



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

6An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

Big 
Bang 
Zoom

0th order: a(t)

1st order: g(z,k)

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

Boom
zoom

Tegmark 2001



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

7An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

LSS

Tegmark & Zaldarriaga, astro-ph/0207047
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LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047
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CMB

LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047
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CMB

Lyα

LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047
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CMB

Lyα

LSS

Clusters

Lensing

Tegmark & Zaldarriaga, astro-ph/0207047
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CBI
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CMB
VSA
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CMB
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Boom
zoom

CMB

De Bernardis et al 2000, Lange et al 2000
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Boom
zoom

CMB

Tegmark, Jr., 2001
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Map
simo

CMB
Hinshaw 1999

60 GHz simulation
with 0.2 deg resolution
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May 23, 2002: New CBI & VSA results
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May 23, 2002: New CBI & VSA results

Tegmark & Zaldarriaga, astro-ph/0207047
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From Douglas Scott, astro-ph/9911325
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Measuring P(k)
with CMB



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

17An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

CMB



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

18An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

Saskato
on 
Zoom

CMB

May 23, 2002: New CBI & VSA results

Tegmark & Zaldarriaga, astro-ph/0207047
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LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047
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Measuring P(k)
with the LyαF
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Croft
LyA

Croft et al 2000Lyα
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Lyman Alpha Forest Simulations:
Dave, Hernquist, Katz & Weinberg 1999

Lyα
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Croft
LyA

Reanalysis of Croft et al (astro-ph/0012324)
by Hamilton & Gredin (astro-ph/0111194)

Lyα
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LSS

Clusters

Tegmark & Zaldarriaga, astro-ph/0207047
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Tegmark & Zaldarriaga, astro-ph/0207047
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Measuring P(k)
with weak lensing
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Gravitational lensing
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Van Waerbeke et al 2000, astro-ph/0101511

Lensing
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Lensing

Hoekstra et al 2002, astro-ph/0204295
(53 square degrees!)
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Tegmark & Zaldarriaga, astro-ph/0207047



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

26An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

Lensing

Tegmark & Zaldarriaga, astro-ph/0207047
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Measuring the 
primordial power 

spectrum P*(k)
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Lensing

Tegmark & Zaldarriaga, astro-ph/0207047
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Tegmark & Zaldarriaga, astro-ph/0207047



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

28An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

Tegmark & Zaldarriaga, astro-ph/0207047
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+

LSS

Tegmark & Zaldarriaga 2002



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

29An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

CMB

+

LSS

Tegmark & Zaldarriaga 2002

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

CMB

+

LSS

Tegmark & Zaldarriaga 2002



Max Tegmark, Univ Penn (KITP New Cosmology Conference 8/19/02)
8
/
2
1
/
2
0
0
2

30An overview of the primary CMB

Max Tegmark
Univ. of Pennsylvania

max@physics.upenn.edu
Santa Barbara
August 19,2002

1par
movies

CMB

+

LSS

Tegmark & Zaldarriaga 2002
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Wrong baryon density:

ωb=0.07 Tegmark & Zaldarriaga, astro-ph/0207047
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Wrong baryon density:

ωb=0.07 Tegmark & Zaldarriaga, astro-ph/0207047
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Beyond cosmological parameters, summary:
�

Test the underlying physics rather than assuming it
�

Cosmological functions rather than cosmological parameters
�

Measure the free functions rather than parametrizing them in a way involving 
untested physical assumptions - a form of data compression

Do observations disagree with each other or with theory?

Data   => Cosmological functions   <= Theory
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