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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?
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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 =10.5 1.2 (450 Myr) 
for re-ionization

– From polarization of CMB.

 patchy re-ionization?

z=6.28

z=5.80

z=5.82

z=5.99N
eu

tr
al

 H
 f

ra
ct

io
n 


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

Low Frequency 
Radio Telescopes:
 ~ 2m
• LOFAR

• Netherlands

• 6 < z < 11
• Murchison Widefield
Array

• Australia

• Square Kilometer Array

z = 12

z = 9

z = 7

Simulated 
21 cm 
image

Surface of Last 
Scattering (CMB)
z = 1100

Re-ionization
z ~ 11- 7

ionized

Ionized

Neutral

Abraham & van den Bergh (2001)

How 
did galaxy 
formation 

occur?

Prediction is:

CDM  bottom up
smaller  larger

Need to test this!
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The Hubble Deep Field

Northern field:
• 10 days, 150 orbits

– WFPC2 camera
– 5.3 arcmin2

• 5000 objects
– 20 stars
– rest are galaxies

Southern field:
• 70 hours
• QSO in center

Photometric 
Redshifts

zSpec = 1.355

zSpec = 0.089

zSpec = 0.475

www.ifa.hawaii.edu/~cowie/tts/tts.html
• Pioneered by Loh & 
Spillar 1986

• Used with HDF and 
most deep surveys 
since.

• Reasonable 
redshift accuracy. 

• Reasonable ability 
to classify galaxies.

• Only need a few 
broad-band images, 
not spectra.



6

Hubble Ultra Deep 
Field 

Advanced Camera for 
Surveys

• 3 x 3 arcmin2

• 11.3 days exposure.

NICMOS
• 2.4 x 2.4 arcmin2

• 4.5 days exposure

+ many other surveys… GOODS, Chandra, etc

From the HST PR dept:

Time

Each box 
is same 
size in 
proper 
distance 
units
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Star formation rate as a function of time

Measured from
• Blue light (O star continuum)
• H emission (H II regions) “Madau diagram”
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  Hopkins & Beacom 
2006, ApJ, 651, 142

5.9          3.3       2.2    1.6             0.8  Gyr since Big Bang

A current example:
70 Ly-break galaxies with 6.0 < z < 8.7

• Hubble Ultra Deep Field  and ERS 
optial/IR imaging.

• Median stellar mass ~ 2x109 MSun. .

• Iooking for a connection between star-
formation rate and total mass of stars in 
these galaxies.

– None found.

z = 6.5

z = 7.0

z = 8.7

McLure et al. 2011 astro-ph
arXiv:1102-4881


