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Formation of Solar 
System (4.6 Gyr ago)
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Cosmic Microwave Background
Seeds for the the first structures (t = 380,000 yr)

(These temperature fluctuations are only 1 part in 105 )
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WMAP-7 (7-year CMB data) 

Komatsu et al. (2010)

These 3 peaks constrain 
cosmological parameters 

Angular Power spectrum

Ωm  ΩΛ  Ωb σ8  h τe

Σ mν ≤ 0.58 eV
from 3rd peak

constrains tensor-modes, 
running index nk of P(k) 

3 acoustic peaks

⇓
Low-l mode 

polarization gives 
τe  ≈ 0.088 ± 0.012
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Schematic:  Great Moments after the Big Bang
zrec ≈ 1090 ;  zrei(H) ≈ 7-10  ;  zrei(He+) ≈ 2.7
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Star Formation in nearby galaxy
“only” 11 Million light years away 
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The  “Cosmic Web” of Intergalactic Matter

12-13 Billion Yrs 
Ago -- First 
Galaxies and
New Stars
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Increase in numbers 
of high-z Quasars

Large-Scale 
Surveys (Sloan 

2.5m telescope)

Xiaohui Fan 2006
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Quasar at redshift z = 5.80

Hydrogen 
1216 A

Absorption by Hydrogen in 
the Intergalactic Medium
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Spectra of 3 
quasars at 

redshifts z > 6

z = 6.43

z = 6.23

z = 6.05

“Lookback times”:

z      Age (Gyr)

6.43   12.676 Gyr

6.23   12.640 Gyr

6.05   12.606 Gyr  
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Gunn-Peterson Optical Depth

τGP = (πe2/mec)[λLyα fLyα /H(z)] nHI

≈ (4x105) [(1+z)/7]3/2 fHI δH

neutral fraction

At z = 6, even a neutral fraction of 10-4

will produce τGP = 40

(the current limit is τGP ≈ 6  (at z = 6.1)

over-density
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“Gunn-Peterson” 
Optical Depth 
(λ < 1216 A)

Fan, Carilli, Keating 2006
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Neutral 
Fraction

----------- 4x10-4
fHI

(z = 6.1)

Fan, Carilli, Keating 2006
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 He II Gunn-Peterson Absorption

Shull, et al. 2010 (ApJ, 722, 1312)

zqso=2.9
⇓

Hubble/COS spectra
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Patchy He II Reionization (z ≈ 2.7-2.9)
(Note long troughs of strong absorption)

 z = 2.751-2.807
(61 Mpc comoving)   

z = 2.823-2.860
(39 Mpc)

z=2.868-
2.892 (25 Mpc)

Shull et al. 2010
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Summary of what’s known about zrei 

(1)  Gunn-Peterson (H I Lyα  absorption)

 τGP is rising fast:  τ = 6 at z = 6
<fHI> = 4x10-4 at this epoch (t = 1 Gyr)

Some simulations suggest that zr ≈ 6.3 ± 0.2

(2)  CMB optical depth (τe = 0.088 ± 0.015)
WMAP-7:  zrei ≈ 10.5 ± 1.4  (1σ)

Half this value (τe = 0.05) could be 
produced by ionized IGM back to z = 7

A partially ionized IGM (z = 7-15)?
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News Release (Jan 2010) - Early Galaxies
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Galaxy 
Luminosity 
Function

Oesch et al.  
Bouwens et al. 

2010,  ApJ

evolving rapidly 
from z = 8⇒4

Faint-end slope 
steeper at z = 7-8

α ≈ -1.9 (z > 7)

Φ(L) = Φ*(L/L*)αexp(-L/L*)

α ≈ -1.2 (z < 1)
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Global Star-Formation Rate (density)
Bouwens et al. (2010)

~0.01 Msun /yr

This SFR density is insufficient for zrei > 7
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Computer Simulations:  First Galaxies
(Ricotti, Gnedin & Shull 2008 -- dwarf galaxy chains)
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What are the main uncertainties in determining the 
Epoch of Reionization (for hydrogen)?

(1)  Faint-end of luminosity function (α, Lmin )

(2)  IGM topology (filaments, voids, clumping)

(3)  Escape fraction (fesc) of ionizing photons

(4)  X-ray emissivity (black holes, XRBs)

* Reconcile GP (z = 6.5) and CMB (z = 10)
Major concern:

*Planck mission may help here
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WMAP-7 (CMB fits)
Larson et al. (2010)

95% CL shown in red

τ = 0.088 
± 0.015

(at 68% CL)
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Balance photoionizations with recombinations

clumping &
LyC escape

factors

LyC production
(IMF, Z-atmosphere

Gas 
density

Shull & Trenti 2010

(Scaled to z = 7 and parameters C,  fesc , QLyC)
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What might the First Stars look like?
Slow cooling and gravitational 

collapse of proto-galactic clouds

Wise,  Abel, Turk et al.
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Pop II

Pop III

ZC = 10-8, 10-7, 10-6

Evolution of Low-Metal Stars
Tumlinson, Shull, & Venkatesan (2003,  ApJ,  584, 608)

Increased Teff 
for Pop III stars 

at low metallicity

10-100 Msun 

dominate the
IGM ionization

but for how long?

Why important?

(Increase QLyC)
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fesc

Fraction of 
ionizing 
photons 

that escape 
to the IGM

Star-formation fraction

z=7 z = 10
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Effects of Metals on the 
2nd-generation stars

Trenti & 
Shull 2009

Switchover 
at z ≈10 

Cosmological 
simulations

(halo dynamics 
metal transport, 
star formation)

Ages:

946 Myr (z=6)

480 Myr (z=10)

273 Myr (z=15)

470 Myr from z=10 to z=6

(h = 0.7, Ωm = 0.28, 
ΩΛ = 0.72 flat)

Thursday, November 4, 2010



New Worlds, New Horizons in Astronomy and Astrophysics 
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Go to NRC 
website for
Astro2010

www.nationalacademies.org/
astro2010
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http://www.nationalacademies.org/astro2010
http://www.nationalacademies.org/astro2010
http://www.nationalacademies.org/astro2010
http://www.nationalacademies.org/astro2010


Science Frontier Panels:   

These were used to recommend:

LISA -- gravitational waves
LSST -- time-domain astronomy

New Worlds Technology Pgm
Reionization Epoch studies ⇐
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Direct searches for first galaxies and BH mergers
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Epoch of 
Reionization
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These are all X-ray missions;
is there room for others?
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