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Early Universe and Reionization

• Big Bang aftermath: universe consists 
of ionized H and He

• 𝑧 ~ 1100: cosmic gas cooled enough 
to recombine

• 𝑧 ~ 20: the first galaxies begin to form

• 𝑧 ~ 12 to 𝑧 ~ 6: cosmic gas is ionized 
again by quasars, population III stars 
and supernovae
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The Ly α Forest - Observations

• Ly α transitions occur in H I between the ground state and the first excited state, the 

rest wavelength of this spectral line is 1216 Å

• IGM is not completely ionized, clouds of neutral hydrogen remain between the 
galaxies
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The Ly α Forest - Observations

• Ly α transitions occur in H I between the ground state and the first excited state, the 

rest wavelength of this spectral line is 1216 Å

• IGM is not completely ionized, clouds of neutral hydrogen remain between the 
galaxies

• The Ly α forest is formed in the spectrum of distant quasars, when the light of these 
quasars passes through multiple intergalactic H I clouds at different redshifts 
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The Ly α Forest - Observations

• Ly α transitions occur in H I between the ground state and the first excited state, the 

rest wavelength of this spectral line is 1216 Å

• IGM is not completely ionized, clouds of neutral hydrogen remain between the 
galaxies

• The Ly α forest is formed in the spectrum of distant quasars, when the light of these 
quasars passes through multiple intergalactic H I clouds at different redshifts 

• The density of absorption lines increases with redshift, eventually resulting in a 
(Gunn-Peterson-)trough
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z = 7.085
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The Ly α Forest - Simulations

• Davé, Hernquist and Weinberg (1999) and later Weinberg et al. (2003) succeed in 
using simulations, that can reproduce the Ly α forest qualitatively 
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The Ly α Forest - Simulations

• Davé, Hernquist and Weinberg (1999) and later Weinberg et al. (2003) succeed in 
using simulations, that can reproduce the Ly α forest qualitatively 

• Seljak et al. (2006), Tytler et al. (2009) and Rollinde et at. (2013) compare the 
models of the Ly α forest to the observations with statistical methods using the 
line-of-sight power spectrum, probability distribution function of transmission 
and line-width probability distribution 
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The Ly α Forest - Simulations

• Davé, Hernquist and Weinberg (1999) and later Weinberg et al. (2003) succeed in 
using simulations, that can reproduce the Ly α forest qualitatively 

• Seljak et al. (2006), Tytler et al. (2009) and Rollinde et at. (2013) compare the 
models of the Ly α forest to the observations with statistical methods using the 
line-of-sight power spectrum, probability distribution function of transmission 
and line-width probability distribution 

• Conclusion: models of the forest agree with the observations to ∼ 10% in the 
standard statistics 
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The Ly α Forest - Simulations

• Davé, Hernquist and Weinberg (1999) and later Weinberg et al. (2003) succeed in 
using simulations, that can reproduce the Ly α forest qualitatively 

• Seljak et al. (2006), Tytler et al. (2009) and Rollinde et at. (2013) compare the 
models of the Ly α forest to the observations with statistical methods using the 
line-of-sight power spectrum, probability distribution function of transmission 
and line-width probability distribution 

• Conclusion: models of the forest agree with the observations to ∼ 10% in the 
standard statistics 

• Possible limits of the models: low redshift region, where estimates find that only 
30 ± 10% of the 𝑧 ~ 0 gas is seen in Ly α absorption and that ~10% of the 
baryons lie within galaxies or reside as hot gas inside galaxy clusters, therefore a 
large fraction of baryons is “missing” 
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Metal Enrichment – Observation

• Stars did not only ionize the IGM, but the radiation pressure of the stars, 
combined with supernovae action, powered winds that enriched the IGM with 
metals

• Metallicity of the IGM is very sensitive to the processes of galaxy formation and 
evolution (galactic outflows suppress star formation and therefore metal 
production, but concurrently distribute metals into haloes and the IGM) 
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Metal Enrichment – Simulations

Main result of simulations done by Oppenheimer, Davé et al. (2012): 

• Several simulations are compatible with current measurements, so no particular 
model sticks out

• The exact process of the metal enrichment depends on many parameters (such 
as different phases of the IGM, the strength of galactic winds etc.) 

• 20% of the metals reside outside of halos at 𝑧 ~ 2 and only 4% at 𝑧 ~ 0 (in 
favoured vzw model)

• Therefore, the majority of metals today reside within galaxies, in contrast to the 
bulk of baryons that reside outside haloes
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Metal Enrichment - Dark Matter Implications

• Bremer, Dayal and Ryan-Weber (2018) examine the constraints that the metallicity 
of the IGM gives for different Dark Matter cosmologies

• Idea:  1.5 keV WDM models have much less bound DM in low mass halos than 
CDM models, therefore these halos have lower gravitational potential, resulting in 
less metals produced and less metals distributed to the IGM

• The semi-analytic model Delphi (Dark Matter and the emergence of galaxies in the 
epoch of reionization) tracks DM and baryonic assembly of high-redshift (𝑧 ≥ 4) 
galaxies
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Metal Enrichment - Dark Matter Implications

Results of Bremer, Dayal and Ryan-Weber (2018):  

• UV luminosity functions are consistent with CDM and the 3 keV and 1.5 keV models 

• All models consistent with observations of stellar mass density and cosmic mass 
density

• Ejected gas mass densities seem to be consistent

• Problem: only bright galaxies 𝑀𝑈𝑉 ≤ −18 well observed, need to measure 
magnitudes down to at least 𝑀𝑈𝑉 = −16.5 to distinguish between CDM and WDM

• However: older simulations by Simcoe et al. (2011) rule out all models except CDM 
and 3 keV WDM at 1.6 𝜎
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Summary

• The intergalactic medium consists mostly of H I /H II, He II /He III and traces of 
ionized metals, which can all be identified by their absorption lines in the spectrum 
of quasars

• H I Ly α forest in the intermediate redshifts 𝑧 ~ 2 − 5 is well studied and models 
match the observations to ~ 10%

• Several models for the metal enrichment of the IGM through galactic winds 
proposed, none of which is fully consistent with the observations so far

• In theory, one can find constraints for the Dark Matter from measurements of the 
IGM metallicity and Bremer et al. (2018) suggest indeed that by combining several 
models and datasets along with more precise UV measurements of galaxies one 
might rule out all Dark Matter candidates but CDM 
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Open Questions

• What are the exact sources and mechanisms of reionization?

• Why is the metallicity of the IGM at 𝑧 ~ 0 lower compared to 𝑧 ~ 2?

• Where are the missing baryons at 𝑧 ~ 0?

• How do galaxies interact with the IGM?
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Thank you for listening!
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