
  

               THE HIGH REDSHIFT UNIVERSE



  

The first phase change of hydrogen in the universe was 
recombination, which occurred at a redshift z = 1089 (379,000 
years after the Big Bang), due to the cooling of the universe to the point 
where the rate of recombination of electrons and protons to form neutral 
hydrogen was higher than the re-ionization rate.

The second phase change occurred once objects started to condense 
in the early universe that were energetic enough to ionize neutral 
hydrogen. As these objects formed and radiated energy, the universe 
reverted from being neutral, to once again being an ionized plasma. 
This occurred between 150 million and one billion years after the Big 
Bang (at a redshift 6 < z < 20). This is commonly referred to as the
epoch of re-ionization.



  



  



  



  



  

troughs.



  



  



  



  



  



  



  



  



  



  



  

 REIONIZATION OF THE UNIVERSE 
ON LARGE SCALES



  

 The Hunt for the 
Highest Redshift 
Galaxies



  

           GALAXY EVOLUTION ACROSS COSMIC TIME



  

    Finding high redshift galaxies:   
 1) The Lyman Break Technique
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  3) Gravitational Lensing
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    What are the main things learned from 
empirical studies of high redshift galaxies?



  



  



  

  Rise and fall of the integrated star formation rate 
density in galaxies, with a peak at redshifts 2-3



  

  Buildup of the cosmic density of stars in 
galaxies 



  

 Evolution of the Stellar Mass Function to High Redshifts 
(note recent  rapid evolution at low mass end)



  

 This is consistent with the star formation histories of 
galaxies as a function of mass inferred from studying 

their stellar populations at low redshifts



  

 Colour Bimodality in Galaxy Population at z=0



  

Bimodality persists at higher redshifts



  

hhh

Stellar mass density in the red sequence drops faster than 
that in the blue cloud



  

      Most of the evolution is at the low mass end for both 
classes....



  

Evolution in 
star formation 
rate per unit 
mass (specific 
SFR) for star-
forming 
galaxies



  

  At fixed stellar mass, the gas metallicities of galaxies 
are lower at higher redshifts



  

 High redshift star-forming galaxies have clumpier 
morphologies than nearby spiral galaxies



  

These giant clumps of young stars drive 
outflows of gas – in the high redshift 
Universe, this is a UBIQUITOUS 
phenomenon (at low redshifts, much more 
rare)



  

 Outflows traced by 
interstellar absorption lines



  

Why are high redshift galaxies more actively star-forming 
than nearby galaxies?

One possible scenario....



  

 HST images allow empirical estimates of the 
evolution of galaxy merger rates with redshift.



  

 Fraction of galaxies that 
are visibly interacting.

An estimate of the time 
interval when visible 
signs of the interaction 
are present is required to 
transform to merger rate.

Evolution is very mild.



  

Nevertheless it is clear from observations that the 
galaxy population has evolved significantly in 

size/density. 



  

   At fixed stellar mass, both early and late-type  galaxies are smaller (more 
compact) at higher redshifts. Poorly understood: if not detectable 

mergers, what is the main mechanism controlling their growth?



  

 What about environmental effects?  Galaxies in high density regions 
of the Universe are passive, those in low density environments are 
actively forming stars. As the Universe evolves, the number density 
of massive groups and clusters increases. 

Is this sufficient to explain the observed evolution in star-forming 
activity?



  

 The answer from observations is a clear NO. The strongest 
evolution in star-forming activity is seen for galaxies in low 

density environments.

Low-density
environment,
strong evolution

 High-density 
environment, 
weak evolution



  

 Poorly understood: what role do black holes/active galactic 
nuclei play in regulating galaxy growth?



  

 Number density of galaxies with black holes that are actively 
accreting mass also exhibits a rise and fall, with a peak at 
redshifts 2-3, prompting speculation that similar behaviour of the 
cosmic star formation rate density may be linked.



  



  

 SUMMARY OF CURRENT SITUATION

 Thanks to around 15 years heavy investment of  large telescope 
time in observing high redshift galaxies, evolution of the global 
properties of the galaxy population (mass, star formation rate, 
size) is now quite well quantified from z=3-4 to z=0.

Robust constraints on the physical mechanisms responsible for 
the observed  evolution are still few and far between. Not enough 
work has been done to interpret the observations in the 
framework of galaxy formation models in the standard LCDM 
cosmology.

(some thoughts on this to follow in my last lecture)
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