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Fourier analyze WMAP image: 

• Measures “Power” for each size scale .
• = Power for each mass scale M.

  (deg)

Power  = 
Average (/)2

of clouds 
of given 

size scale 

(predicted)

• All blobs of same mass M oscillate 
synchronously.

• Peaks are for mass scales that are either 
fully compressed or fully rarified. 

1st

compression
2nd

compression

1st

rarefaction

Position of first peak measures curvature 
 universe is flat

Analyzing the CMB Brightness Fluctuations

• Type Ia Supernovae  as “standard candles”                                         
 accelerating expansion
 qo = m/2 - 

• CMB anisotropy  total = m + 

• Can solve for m ,  
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m = matter density/critical density

The “Concordance” Cosmology  (or CDM)

Another independent measure:
Rate of galaxy cluster evolution

[CO 30.22]
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WMAP also measured second peak

• Due to rarefaction of an acoustic wave.

• Larger b  smaller amplitude of second peak.
– greater inertial mass in oscillating plasma.

Print-through of 
spectrum of 
primordial 

fluctuations
(Sachs-Wolfe effect) Photon diffusion

(Silk damping)

bCurvature

WMAP
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WMAP

COBE PLANCK

PLANCK 1 yrWMAP 2 yrs WMAP 8 yrs
Planck

• ESA mission
• Launched May 2009
• Arr. L2 July 09

Results:
• Total density:   o = tot = 1.02 0.02

• Age of Universe:    to = 13.7 0.2 Gyr

• Matter density: mh2 = 0.135 +0.008/-0.009  m = 0.27

• Baryon density: bh2 = 0.0224 0.009  b = 0.044

73% Dark Energy, 22% Dark Matter, 

4.4% Baryonic Matter

Flat Universe with density fluctuations P(k) ~ kn, n ~ 1

 INFLATION

Astrophysical Journal Supplement 148, pg. 1 (September 2003)

Astrophysical Journal Supplement 148, pg. 233 (September 2003)
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Power spectrum 
measures many 
things

[CO 30.22]

But still needs to be 
combined with other 
measurements.

Appendix N  --- WMAP data

Hot vs. Cold Dark Matter Perturbations
• Power spectrum of fluctuations

– P(k)  k n where P = | / |2 and k = wave number = 2/l

• Inflation predicts n = 1

– “scale invariant”:
•  / always has same value when perturbation enters horizon.

– Predicts  /  M -2/3  l -2 

• HDM perturbations with wavelengths 
shorter than horizon are lost

– relativistic particles free stream out of 
smaller condensations

– until particles become non-relativistic 
at T ~ 105K

– smallest condensations have              
~ 1013 Msun

• CDM perturbations survive at all 
scales

– some attenuation at shorter 
wavelengths

– but most power still at shorter 
wavelength

DM

Inflation

Size
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N-body simulations  CDM
• Start with perturbation spectrum at time of  decoupling 

• Follow perturbations into highly non-linear regime.

• HDM models become too highly clustered over observed lifetime of galaxies

CDM                              HDM

Standard CDM = SDCM,
replaced by CDM model

The 
Expanding 
Universe

In “proper” coordinates

In 
co-moving 

coordinates
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CDM structure-formation models reproduce 
observed filamentary structure

From Cole et al (1997). See Weinberg et al.
astro-ph/9708213

0.5 Gpc cube.
Simulation by MSU Prof. Brian O’Shea

More CDM Simulations
(Frenk 1991, Physica Scripta T36, 70)

flat rotation curves 
reproduced

Large Cluster   Disk Galaxy Halo   Small Group
Violent assembly  Steady growth            MW, M31

z = 2.5

z = 1.0

z = 0.0

But now finding:

Galaxy dark matter 
halos do NOT have 
exactly the expected 
CDM density 
distribution       
(NFW profiles).
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Bias

• CDM simulations 

accurate predictions of CDM structure.

• Problems describing baryon response.
– Observations  preference for galaxies to form in denser regions.

Dark matter                  Baryons (for b = 2.5)

in CDM simulation 

from observations, 

where 8 = variance of mass distr. in 8h-1 Mpc 
co-moving sphere.

• So arbitrary assumptions are needed to describe the
observable galaxies.

The Ly Forest 

• It’s the cosmic web.
• Contains most of the baryons 

at high redshift.
• Currently: ~1/2 baryons still in 

web, but heated to 106 K. Warm-Hot Intergalactic Medium (WHIM)
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The 
next 
60 

billion 
years

Coma

Great 
Attractor

Virgo

Horizon

The Syllabus: The agenda:
• Present-day structure.
• Evidence for 

Dark Matter.
• Gravitational lenses.

• What is Dark Matter?
• Hot vs. cold DM

• The growth of structure.
• Initial fluctuations.
• WMAP.
• Bottom-up structure

formation.
( turkey break)

• The Quasar Era.
• Evolution to modern-

day galaxies.
• Chemical enrichment

revisited.
• The first stars.

Final Exam: in BPS 1420, at 12:45PM Tuesday, Dec 13


