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CDM structure-formation models

• Reproduce observed 
filamentary structure

– Weinberg et al.

astro-ph/9708213 

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 Revisted

• 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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When did galaxy formation occur?
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The Gunn – Peterson Effect

• Expect Ly continuum absorption 
from Inter-Galactic Medium to 
completely block all radiation with 
 < 912Å or 1215Å.

• Why doesn’t it?

Ly break
912Å

13.6 ev

Ly
1216Å

Hydrogen absorption spectrum

Wavelength 
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Ly
1216Å

Ly jump
912Å
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IGM is ionized. Re-ionized.

Large 
column
density

Lyman
Break
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Re-ionization = end of Dark Ages
When did re-ionization occur?
• We see QSOs at z ~ 6 with                

Gunn-Peterson absorption.

• But WMAP finds z =11.0 1.4 (420 Myr) 
for re-ionization

– From polarization of CMB.

 patchy re-ionization?

z=6.28

z=5.80

z=5.82
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Continuum disappears at Ly (1215Å)

CMB Polarization  
due to electron 
scattering by     
re-ionized gas.

Scattered light is polarized

Bright blob Earth 

Free electrons after 
re-ionization 

Simulated brightness and polarization maps of CMB.
Length & direction of lines show polarization.

No re-ionization With re-ionization

Re-ionization 
~10x bigger 
polarization signal 
on large scale 
lengths.

Polarization 
structure over small 
scales is due to 
scattering within 
emitting blobs.

6x change in line-
length scale!!
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Searching directly for 
patchy reionization:

• 21 cm line produced 
in H I regions

• not absorbed

Radio Telescopes:
• LOFAR

• Netherlands

• 6 < z < 11
• PAST

• China
• Mileura Widefield Array

• Australia

• Square Kilometer Array

z = 12

z = 9

z = 7

Simulated 
21 cm 
image

The SKA
Square Kilometer Array

• 1 km2 collecting area.

• 50% in central 5 km dia.

• Rest out to 3000 km. 

• Start construction 2012. 

• start science in 2014. 
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z = 7 
galaxy

?
Gravitationally 
lensed galaxy 
observed at 
Keck by Ellis 
et al.

Ly 1215 break?

Z ~ 10 galaxies?

Grav. 
lensing
critical 
lines.

Keck 
NIRSPEC 
slit 
positions

Expected (rest frame) spectrum

HST 
broadband 
images 
show no 
continuum 
emission.

INFRARED
SPECTA
6 possible Ly
emission lines 
(circled)
z ~ 8.5 – 10.4

2 best bets are 
z ~ 10 


