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The intergalactic medium
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3 sessions:

1. What do we expect to see?
2. What do we see? 
3. What can we learn from the IGM?
4. Examples as home work
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How do we know the baryon density?
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How do we know baryon density?

• CMB
• BBN
• Clusters
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Wayne Hu

WMAP
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BBN
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How do we know how many baryons are in stars?

8



Tom Theuns 9

Where are the baryons?

Fukugita & Peebles ‘98
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Let’s do a simple case: a homogeneous Universe
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QSO 1422+231

or: where did we go wrong?
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QSO 1422+231

Things to consider:

• Is there a Lyman-beta forest? Where?
• Is there a Balmer-alpha forest? Where?
• How about Helium?
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Ionization rate from gals 
& QSOs as computed by 

Haardt & Madau

The IGM is highly ionized
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Filaments and galaxies will 
produce more absorption than 

low-density IGM
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Reionization
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Three stages

Pre-overlap

Overlap

Post-overlap
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When did it happen: fHI vs. z 
z~6: late
z~15: early
Extended or phase transition?

How did reionization proceed: 
Homogeneous or large scatter? (fHI) vs. z
Topology of overlap; fHI vs. 

What did it: (stars,gal, qso) vs. z
AGN?
Star formation?
Decay particles?

Observational goals
Map the evolution and spatial distribution of ionization state
Find highest redshift galaxies and quasars: source of reionization

Open Questions:
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What Ionized the Universe?

Reionization Budget

€ 

˙ N ion ∝ρ912Α
L fescCIGM

Depends on:
•Luminosity density:

•Detailed LF and IMF
•Escape fraction of ionizing 

photons to the IGM:
•Quasar: fesc~1

• Galaxies??
•Clumpiness of the IGM

Can quasars do it? Not likely
•Too few quasars unless QLF 

remains to be steep to AGN 
luminosity

•Extra constraints from X-ray 
background 

•

SFR of galaxies

Density of quasars

•Early Pop III stars
•“Normal” galaxies
•AGN
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What do we know about Reionization?

Free-electrons post recombination may scatter CMB photons 
from different patches towards the observer.
This introduces correlations between temperature and 
polarization of CMB photons

CMB
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Wayne Hu WMAP

CMB
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Page et al., Spergel et al. 2006

CMB
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Classical G-P (1965) effect:
•Saturates at low neutral fraction

G-P damping wing (Miralda-Escude 1998)
•Sensitive to neutral IGM
•Attenuates off-resonance transmissions€ 

τGP ~10
5(nHI /nH )

QSOs
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QSOs

Fan et al from SDSS
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QSOs

Optical depth evolution accelerated
•z<5.7:  ~ (1+z)4.5

•z>5.7:  ~ (1+z)>11

End of reionization?

Evolution of neutral fraction
•fHI > 10-3 - 10-2 at z=6
•Order of magnitude increase from 

z~5
•G-P absorption saturates; needs 

more sensitive tests
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Gals

Simulation of dwarf galaxy formation
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Characterizing lines: 
Equivalent width
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Curve of growth: see Michael Richmond’s page
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http://spiff.rit.edu/classes/phys440/lectures/curve/curve.html
http://spiff.rit.edu/classes/phys440/lectures/curve/curve.html
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Build your own QSO:
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Line-fitting with vpfit
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•Effect of galaxies/QSOs on IGM
•He-forest
•Temperature evolution of IGM

What can we learn from IGM?
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Pettini et al
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Adelberger et al 03
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Metals: C iv, Si iv, O vi
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Line-fitting with vpfit
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Effect of temperature on 
cut-off in the b-N relation
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HI

HeII
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Schaye et al
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Lyman-alpha flux power spectrum
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