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for Andrea who is now too senior to still                      
be around at the conclusion of the conference



Things We (think we) Know About 
Hydrogen Reionization

• ΛCDM cosmology plus                          
hierarchical structure                         
formation

• Photo-ionization provided                             
the ionization mechanism,                             
as evidenced by the Lyα                          
forest

• Stars rather than quasars                  
provided the ionizing 
photons, at 6<z<20

Barkana & Loeb 2002



Recurring themes (this week & last)

• Reionization history. Using observations to tie down ionized frac.
• constraints from the Ly-alpha forest and CMB

• The photon crisis. Are there enough photons to reionize the 
Universe at a redshift > 6?

• photon starved reionization
• halo mass of detected LBGs at z>6 and faint end slope
• escape fraction 

• Role of feedback. What is the “self regulation” of reionization?
• chemical 
• mechanical
• radiative



Nearly Absent themes (this week & last)

• Models of 21cm fluctuations
• Exotic processes in the early Dark Ages effect the 21cm 

statistics and spectrum. Decaying Black-holes, cosmology 
and Dark-Matter

• However: Attempts and techniques for detecting 
fluctuations over cosmic time, and for identifying 
individual features in 21cm intensity cubes 

• Progress in simulation
• Large boxes, many particles
• The rise of realistic galaxy models
• enrichment
• Ly-alpha galaxy models
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Temperature constraints? These come from z <

4 Lya forest measurements. Not sure whether these
would be useful as well. They basically constrain
reionization if it happens too early, since then the
IGM cools down too far. Would be fairly straight-
forward to model the temperature evolution pro-
vided the heating comes from photoionization. He-
lium reionization is likely to be important to this
as well, so an extra level of complexity would be
required.

Our approach is different from that of (Choudhury &
Ferrara 2005, 2006) who attempt to model a diverse set
of observational data self-consistently. They account for
quasars and temeprature constraints, but quote only a best
fit model giving no indication of the uncertainty from their
model.

3 INFERENCE OF IONIZATION HISTORY

We wish to attempt predictions for 21 cm observations. To
do this we make use of Bayes theorem

p(w|D, M) =
p(D|w, M)p(w|M)

p(D|M)
, (2)

where M is a model with parameters w and D is the com-
bination of constraints on Γ−12 and τ . Since each model
provides a definite prediction for xi(z) this allows us to cal-
culate the probability distribution for xi at a given redshift
from

p(xi|M) =

Z
dw p(w|D, M)δ[xi(w|M)− xi] (3)

The evidence p(D|M) provides an overall normalization
for the poterior probability p(w|D, M). We must specify our
prior p(w|M) on the space of model parameters. For sim-
plicity, we take flat priors over a specified range for each
parameter, thus p(w|M) = const. Our choice of prior should
only be important if the data only weakly constrains the
ionization history.

It is very difficult to escape the need for highly arbitrary
forms for our modeling of Ṅion . The evolution of sources is
likely to be complex and to be resistant to description by a
small set of numbers. However, by looking at a handful of
models and seeing if the predictions are relatively consistent,
we can still hope to obtain meaningful predictions.

Calculate p(D|M) from liklihood assuming Gaus-
sian errors

final piece of inference is to look at evidences
and see if the data favours one parametrization over
another

The evidence for a given model M with parameters w

can be calculated from

p(D|M) =

Z
dw p(D|w, M)p(w|M). (4)

This gives a measure of how well the model fits the data
given the priors and can be used to distinguish which of
several models provides a better fit to the data. Since the
priors enter in the evidence allows a way of determining
whether adding extra parameters to a model is useful or
simply gives too much flexibility to the model.

4 MODELING REIONIZATION

It has been customary to treat, the more directly con-
strained, Γ as primary and use it to derive constraints on
the emission rate of ionizing photons per unit comoving vol-
ume Ṅion. This is then used to calculate the HII region filling
fraction QHII using

dQHII

dt
=

Ṅion

nH(0)
−QHIICHIInH(0)(1 + z)3αA(T ). (5)

Note that we assume case-A recombination.
Unfortunately, it is difficult to convert constraints on Γ

into robust constraints on xe(z) at z > 6 since reionization
is an extremely inhomogeneous process and the distribution
of different HII bubble sizes must be taken into account. At
z < 6 once the bubbles have percolated this conversion is
more tractable. Hence, we will take Nion to be our primary
input given a presciption for source evolution and use it to
calculate the corresponding Γ values.

This is done following the approach of Bolton &
Haehnelt (2007). We use the relation

Ṅion = 1051.2 Γ−12
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to connect Γ and Ṅion. Here αS is the spectral index of the
source and αB is the effective spectral index of the ionizing
radiation, which may be different from that of the sources
due to reprocessing of the emitted radiation. For this to
be applied we must model the mean free path for ionizing
photons. This is based upon the post-overlap reionization
model of (Miralda-Escudé et al. 2000). In this picture, the
mean free path of a photon is given by

λmfp = λ0(1 + z)[1− FV (∆ < ∆i)]
−2/3

. (7)

Here FV (∆i) is the fraction of gas by volume contained in
regions with density ∆ < ∆i. Calculating this requires a
knowledge of the probability distribution of dense regions
PV (∆), which we take from (Miralda-Escudé et al. 2000).

Following the argument of Furlanetto & Oh (2005), we
associate the column density of a Lyman limit system to the
critical density by assuming that the characteristic size is the
local Jeans length (Schaye 2001) and that photoionization
equilibrium holds. This gives the critical overdensity for a
self-shielding clump as

∆i ≈ 49.5
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Although in Miralda-Escudé et al. (2000) they take
λ0H(z) = 60 km s−1, the analysis of Furlanetto & Oh
(2005) shows that this is likely a factor of two too large.
This is important, since this value feeds into the connec-
tion between Γ−12 and Ṅion. An extra factor of two in λ0

translates into almost an extra factor of two flexibility in
Ṅion.

Here we are correcting for the distribution of systems
with differing column density to incorporate the cumulative
effect of lower column-density systems. The more precise
absorption probability per unit length λ

−1

0
, for a photon at

the hydrogen ionization absorption edge is (Miralda-Escudé
2003)
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Figure 3. Evolution of the clumping factor.

specific ionization history, it is difficult to carry out detailed
numerical comparisons.

Motivated by a desire to maximise the robustness of
our predictions, we will consider allowing an overall scal-
ing of the clumping factor and investigate how this modifies
the evolution of xi. We also consider the case of a constant
clumping factor, which represents an extreme assumption,
since it will tend to make recombinations more relevant early
on than the more detailed modeling presented here.

Q: Two contributions. One from quasi-linear dis-
tribution of matter, a second coming from the non-
linear collapsed mini-halos. The contribution of minihalos
will significantly modify the clumping above that of the
MHR00+FO05 model. It should be relatively straightfor-
ward to use some of the discussion in FO05 to calculate the
clumping for a simple minihalo model.

5 MODELING IONIZING SOURCES

The quantity Ṅion comes from two parts – the star forma-
tion rate and the number of ionizing photons per baryon in
stars that escapes to ionize in the IGM. A common analytic
approximation is

Ṅion(z) = ζ(z)nH(0)
dfcoll(z)

dt
, (11)

where the ionizing efficiency ζ = NUVfescf�. Rather than
attempt to model Ṅion directly, we will model ζ instead. This
has the advantage of separating the almost rapid increase in
the star formation rate, which results from the exponential
increase of the collapse fraction. We note that ζ may well
be redshift dependent.

need to work out the best way of modelling ζ -

important to allow for possibility that it is not mono-

tonic, since this would likely be the case if there was

a period where pop III stars dominated over pop II

stars.

We take

ζ(z) = ζ0 + ζ1(z − z0) + ζ2(z − z0)
2 + ζ3(z − z0)

3 (12)

Another interesting possibility is a model that interpo-
lates between two source populations.

ζ(z) = ζ0 +
(ζ1 − ζ0)

2
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This would provide a simple way of modelling the pop III to
pop II transition. In this scenario, the Γ−12 constraints will
fix the low z amplitude of ζ and the optical depth constrains
the high z contribution from the second population. For this
z0 ≈ 13 is probably a good choice, based upon the simula-
tions of (Santos et al. 2007). The choice of ∆z is probably
not that important.

Four free parameters is really the minimum needed to
allow for two populations of sources.

Since the redshift evolution of Ṅion is important it will
be wise to explore a model where we do not assume the
importance of the collapse fraction in determining the rate
of reionization. An example, would be a model where we
parametrize Ṅion directly as a polynomial. The simplest
parametrization is as a constant Ṅion that switches on at
a redshift zmax, i.e.

Ṅion = [Ṅ0 + Ṅ1(z − z0) + Ṅ2(z − z0)
2]Θ(z − zmax). (14)

To illustrate some of the general features of our model-
ing, we consider the case of a model with a single constant
value of ζ. This serves as a benchmark for illustrating some
of the more generic features of our model.

For a constant ζ = 45, we obtain the results in Figure 4.
This value of ζ is chosen so that the calculated value of Γ−12

matches that found by (Bolton & Haehnelt 2007) (shown
as blue error bars in top panel). The CMB optical depth
associated with this model is simultaneously consistent with
the WMAP5.

In this model for ζ the production of ionizing photons
peaks at z ≈ 6 and is declining towards the epoch probed by
the Lyα forest. As a result, the model prediction for Γ−12

are in good agreement with the data at z � 4, but come
to underpredict Γ−12 at lower redshifts requiring a quasar
component to make up the difference. Reionization is highly
extended in this model, with xi > 0.1 for all redshifts z < 13
despite full reionization (xi > 0.99) not occurring until z ≈
8. In this model, Ṅion evolves considerably over the redshift
range explored although it still produces a largely flat Γ−12,
at least compared to current uncertainties.

Using a constant clumping prescription with C = 2
yields τCMB = 0.074, as a result of reionization occurring
much more abruptly. Previous authors have found that us-
ing a constant clumping factor it is difficult to obtain agree-
ment between the Γ−12 and τCMB contstraints. That we do
not find this is a result of two elements of our modeling.
First, the more realistic clumping factor model, which leads
to a more drawn our ionization history boosting τCMB . Sec-
ond, our inclusion of the integrated absorption of Lyα pho-
tons along a line of sight, which reduces λmfp and hence the
model prediction for Γ−12 . Since the product of Ṅionλmfp

is constrained by the Γ−12 measurements, a model that fits
the Γ−12 constraint would obtain a too low value for τCMB,
without the factor of ∼ 2 difference here.
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Figure 3. Models with constant ζ(z) = 30 (solid curves) and

ζ = 45 (dotted curves). We show the redshift evolution of Ṅion

(top panel, in units of 10
51

s
−1

Mpc
−3

), xi (middle panel), and

the clumping factor C (bottom panel). In the top panel, we show

error bars on Ṅion calculated using the results of BH07 (blue) and

FG08 (red - statistical only) alongside our constraints (green, see

§4.1).

take over and dominate. A lower value of ζ leads to a delay
in the ionization history, so that reionization completes at
redshifts different by ∆z ≈ 1, and a lower Thomson optical
depth to the CMB. In both cases, recombinations play little
role until reionization is well underway.

4.3 Ionization history

We now use these constraints on Ṅion and τCMB to constrain
our model parameters. For comparison, two other combina-
tions of data: using Planck instead of WMAP5 for τCMB

constraints and excluding the z = 6 Lyα forest data point
to give a sense of how these constraints might improve with
the addition of extra information in the next few years.

We calculate the likelihood for the parameters by uni-
form sampling of the four dimensional parameter space. In
each case, we assume a uniform prior on the source parame-
ters. Although numerically somewhat inefficient this makes
later analysis more straightforward.

In addition to the CMB and Lyα forest constraints,
we make a cut throwing out all models with xi(z = 6) <
0.99. That the IGM is ionized to at least this level is well
established by Lyα forest observations and imposing this
constraint ensures that HII regions have percolated placing
us in the range of validity of our Lyα forest modelling.

4.3.1 ζ model

Our physically motivated ζ model naturally describes two
epochs of star formation with differing efficiencies. Figure
4 shows the marginalised probability distribution function

Figure 4. Marginalised PDF for the twostep model. Different

combinations of data are plotted: Lyα forest + WMAP5 (black),

Lyα forest (excluding z = 6) + WMAP5 (red), Lyα forest +

WMAP3 (blue), and Lyα forest + Planck (green).

(PDF) for the four model parameters. We see that the Lyα
forest constraints on Ṅion lead to a clear preference for ζ0

centered around ζ0 ≈ 30 consistent with the ionizing effi-
ciency expected for Pop II stars. In order to satisfy the τCMB

constraint however a population of more efficient sources
at higher redshifts is required. The model prefers that this
transition occur at z � 15, but there is little constraint
on exactly when this transition needs to take place, since
a higher transition redshift can be compensated for with a
higher ζ1 leading to a more extreme early burst of ioniza-
tion. No preference for the width of the transition ∆z is
shown. Including Planck type τCMB constraints significantly
improves constraints on ζ0, ζ1, and z0 since it reduces the
freedom to change the high redshift behaviour of the model.

In Figure 5 we show the marginalised distribution of xi

in four redshift bins of interest to upcoming 21 cm experi-
ments. Although there is considerable uncertainty in xi at
each redshift several interesting conclusions can be drawn.
Within this parametrization, the IGM is highly ionized by
z = 8 (at least to xi � 0.8).

4.3.2 Ṅion model

We now compare results from the Ṅion parametrization,
analysed in the same as way as in §4.3.1. Figure 6 shows
constraints on the model parameters. This model has signif-
icantly more flexibility than the ζ model, which shows itself
in the distribution of xi seen in Figure 7. The distributions
are very broad at z = 10 and z = 11 indicating that the data
does a poor job in constraining possible histories within this
parametrization. It is important to note that even with this
increased flexibility we still see that the IGM is largely ion-
ized by z = 8.
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Figure 1. Comparison of model predictions with observations for the best-fitting model with parameter values !!,II = 0.2, !!,III = 0.07, f esc,II = 0.003 and
f esc,III = 0.72 (keeping in mind that f esc,II and f esc,III are not independent). The different panels indicate the following. (a) The volume-averaged neutral
hydrogen fraction, with an observational lower limit from QSO absorption lines at z = 6 and upper limit from Ly" emitters at z = 6.5 (shown with arrows).
(b) SFR for different stellar populations. The points with error-bars indicate low-redshift observations taken from the compilation of Nagamine et al. (2004).
(c) The number of source counts above a given redshift, with the observational upper limit from NICMOS HUDF shown by the arrow. The contribution to
the source count is zero at low redshifts because of the J-dropout selection criterion. (d) Electron scattering optical depth, with observational constraint from
WMAP second data release. (e) Ly" effective optical depth, with observed data points from Songaila (2004). (f) Ly# effective optical depth, with observed data
points from Songaila (2004). (g) Evolution of Lyman-limit systems, with observed data points from Storrie-Lombardi et al. (1994). (h) Photoionization rates
for hydrogen, with estimates from numerical simulations (shown by points with error-bars; Bolton et al. 2005). (i) Temperature of the mean density IGM, with
observational estimates from Schaye et al. (1999).

emission of the PopIII stars. The low value of the source count is
mainly because of the assumed high value of the escape fraction
for PopIII stars. Because most of the photons escape the host halo,
the amount of nebular and Ly" line emission is small, and hence no
sources are above the detection threshold of the NICMOS experi-
ments. In this sense, one can rule out this best-fitting model if at
least one of the sources observed in the NICMOS HUDF turns out
be indeed at z " 10. We shall discuss this possibility later.

Before addressing other issues, it might be worthwhile mention-
ing the ionization history of doubly-ionized helium. We find that the
escape fraction for photons with energies above 54.4 eV is not very
high for PopIII stars, and hence the propagation of doubly-ionized
helium fronts is not very efficient at high redshifts. The complete
reionization occurs only around z " 3.5 because of QSOs.

3.2 Variants of the best-fitting model

In spite of the success of our best-fitting model in fitting observa-
tions, it is instructive to study some of its variants. In particular, we

ask some interesting questions and try to find what the current data
imply.

(i) Is it possible to fit the data with reionization at higher redshifts?
By increasing !!,III one can force an earlier start of the reionization
process. For example, a model with parameter values !!,II = 0.2,
!!,III = 0.2, f esc,II = 0.006 and f esc,III = 0.9 gives a nearly equal
good fit to the data. In this model, reionization starts much earlier and
the IGM is 95 (99) per cent ionized by z " 10 (8). However, as in the
best-fitting model, the contribution of the PopIII stars to the ionizing
flux decreases because of feedback and hence the reionization is
extended until z " 6. Interestingly, the most severe constraint on
the early reionization scenarios comes from the Ly# observations at
z " 6 which rules out high values of !!,III f esc,III.

(ii) What if one or some of the candidates in the NICMOS HUDF
do turn out to be valid z " 10 sources? Then the best-fitting model
above could be ruled out, as it predicts negligible source counts
at z > 10. However, there are parameters within 2$ of the best-
fitting value which predict a high number of sources at z " 10. For

C# 2006 The Authors. Journal compilation C# 2006 RAS, MNRAS 371, L55–L59

Choudhury & Ferrara 2008Throw all observations at detailed model and make predictions
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Reionization History: new constraint I



Reionization History: new constraint II



Reionization History: new constraint III?



Reionization History: Future constraints?

• Principle components of the reionization history with precise CMB 
maps from Planck

• Hyperfine 3HeII is complementary to HI during reionization. In 
particular the HeIII fraction will provide information on the 
spectrum of the sources responsible 

• Tomography at higher radio frequencies with lines of CO will trace 
the star formation during reionization and afterwards

• Metalicity distribution for metal poor stars (probe 1st generation?) 



Photon Crisis



• Semi-analytic models tuned to follow the Pop-III to Pop-II 
transition produce a steep faint end slope (Ferrara)

• Combination of galform with Simplex also produces a very steep 
faint end slope

• Analytic model histories require low mass halos and feedback to 
extend reionization -> most photons come from low mass galaxies

• Fesc remains very hard to model and could be between zero and 
one for these small galaxies (Paardekooper, Fernandes, others)

• Importance of galaxy structure during starburst.
• Dust IMF etc must change faster than density for escape at high z

Photon Crisis

n

M1450



Photon Starved?



Feedback
• Feedback not as strong as expected from energetic considerations
• The range of masses generally effected 10^5 - 10^8 solar masses
• Negative feedback in the same object as star formation as well as 

in neighbouring objects
• SN can provide positive feedback where star formation is not 

central in the halo
• Metals from the first stars responsible for chemical feedback

• Galaxy formation in GIMIC appears more sensitive to feedback 
physics than SF prescription

z=1

z=2





http://www.cfa.harvard.edu/
http://www.mpa-garching.mpg.de

Contrast with Large-Scale Structure

• N-body simulations provide a solution to a well posed problem. 
The source of the structure is gravitation

• Simulations of reionization are less well posed. We do not 
understand the sources of the structure

• It was asked “if we had a 21cm PS, would the reionization history 
be understood?” I would say the answer is no. 



Modeling of Reionization
• With respect to ionized structure, reionization modelling has 

yielded the following “solid” results 
• HII regions form preferentially in overdense regions 
• HII regions form around clustered sources
• The HII region volume function
• The relation between HII region size and neutral fraction
• The generic shape of the 21cm power spectrum
• The PDF of 21cm intensity fluctuations is non-gaussian
• Ly-alpha forrest plus CMB data calls for some combination of 

radiative feedback or evolution in IMF/escape fraction

• Detailed numerical simulation are needed to make 
quantitative predictions and to interpret precise 
observational data, but each of these was found from 
analytic models



New Progress in Numerical Simulations I

• The frontier is to use what is known about galaxies where there 
are observations to model the sources of structure in the 
reionization era 

• Also heard about SimpleX2 program to couple radiation transport 
in a gas medium with dust and cooling, soon to be coupled with 
hydrodynamical evolution



New Progress in Numerical Simulations II

• Simulations start to probe the importance of winds on galaxy 
formation, particularly with respect to feedback on star formation 
via ejection and enrichment 



New Progress in Numerical Simulations III

• Gadget plus pop-synthesis and RT to look at Ly-alpha LF
• Also: Ly-alpha studies beyond case-B and observed large EW 



Conclusion

• This has been a very enjoyable meeting where I learned a lot 

TThanks to Jasjeet, Tirth and HRI from all of usext


