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Evolution of Hydrogen 
in the Universe



Building Universe!!
Baryonic physics

Gravity



What I would like to 
say....

• Semi-Analytic galaxy formation model.

• ......

• Attempt to predict the 21cm power 
spectrum at EoR.

• ......
• Parameterisation unavoidable in galaxy formation models 

• Range of scales involved – several orders of magnitude 

• Uncertainty about the key physics
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•Rapid exploration of the 
parameter space of galaxy 
formation physics. 

•Large, statically useful 
samples.

•Wide range of properties, 
multi-wavebands.
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Clustering of Cold Gas 

From Power, Baugh & Lacey 2010 
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o  Observed and predicted 

mass functions in 
reasonable agreement. 

Global Density of Cold Gas 

3.6. Implications for satellite galaxies in galaxy formation models 71

Figure 3.14: The projected correlation functions divided by correlation function of

the dark matter. The lines show the predictions for the hybrid satellite-satellite

merger and satellite disruption model. The symbols show the 2dFGRS measure-

ments.

3.2. Galaxy formation models 40

Figure 3.1: The bJ-band luminosity function of the Bower et al. (2006; black, solid

line), De Lucia & Blaizot (2007; blue, dashed line) and Font et al. (2008; red, dotted

line) models. The green symbols show the estimate of the luminosity function made

from the 2dFGRS (from Norberg et al. 2002).

Examples

From Kim et al. 2009



 Feedback processes
• SNe feedback is effective in low mass galaxies and 

modelled in GALFORM as

• Vhot=485km/s and ahot=3.2
• AGN feedback in massive haloes(but small effect at EoR).
• Photo-ionization feedback(but the Millennium simulation is not 

enough halo mass resolution to see)          
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2.3 The High redshift galaxy luminosity function

It is important to consider how well the predicted galaxy
population represents galaxies observed to exist at high red-
shift. GALFORM models are calibrated to a wealth of data
at low redshift. Previously, Lacey et al. (2011) used GAL-
FORM based on the Bau05 model with Monte-Carlo merger
trees which have no built-in mass resolution limit. Their
modelling was successful in reproducing the high redshift lu-
minosity functions, although with dependence on the model
used. In our work we have utilised N-body merger trees ex-
tracted from the Millennium Simulation in order to explic-
itly include the correlations between galaxy position and
over-density in IGM. Since the Millennium simulation does
not resolve most of the galaxies responsible for reionization,
our model will not predict the correct star formation rate
density. We therefore stress that our modelling is not ap-
propriate for investigating the evolution of the ionization
fraction, �xi�, with redshift. This shortcoming will be ad-
dressed using higher resolution merger trees in the future.
However our modelling is sufficient for studying the relative
change in the power spectrum due to astrophysical proper-
ties in the resolved galaxies.

3 SEMI-NUMERICAL SCHEME TO MEASURE
21-CM POWER SPECTRUM.

Mesinger & Furlanetto (2007) introduced an approximate
but efficient method for simulating the reionization process.
This so-called semi-numerical method extends prior work by
Bond & Myers (1996) and Zahn et al. (2007). The method
generates an estimate of the ionization field based on a cat-
alogue of sources assigned within the halo field by applying
a filtering technique. Good agreement is found with numeri-
cal simulations, implying that semi-numerical models can be
used to explore a large range of reionization scenarios. In this
paper we apply semi-numerical technique to find the ioniza-
tion structure resulting from GALFORM galaxies within the
Millennium dark matter simulation.

3.1 HII regions

We begin by binning galaxies from the GALFORM model
into small regions of volume (or cells). We assume the num-
ber of photons produced by galaxies in the cell that enter
the IGM and participate in reionization to be

Nγ,cell = Nphoton(IMF,Z )fesc
M�,cell

mp

, (4)

where fesc is the escape fraction of photons produced by
stars in a galaxy, M�,cell is the total mass of stars in the cell,
and mp is the mass of hydrogen atom. Nphoton(IMF,Z ) is
the number of photons produced per baryon in long-lived
stars and stellar remnants which depends on the IMF and
metalicity (Z). The stellar population models used in GAL-
FORM output give 4.54×103 for Z=0.02 and 6.77×103 for
Z=0004 using the Kennicutt IMF (Bow06, 300SN, NOSN,
Lagos11 models). For the top-heavy IMF used in bursts in
the Bau05 model, we instead have 3.28×105 for Z=0.02 and
5.55×105 for Z=0.004 (see Raičević et al. 2011; Lacey et al.

2011). When we run the Bau05 model, we modify equa-
tion (4) to include the separate contributions to the ionizing
photons from stars formed quiescently and in bursts.

We then calculate the ionization fraction within each
cell according to

Qcell =

�
Nγ,cell

(1 + Fc)NHI,cell

�
, (5)

where Fc denotes the mean number of recombinations per
hydrogen atom up to reionization and NHI,cell is the number
of neutral hydrogen atoms within a cell. The latter quantity
is calculated as

NHI,cell = nHI(δDM,cell + 1)Vcell, (6)

where we assume that the overdensity of neutral hydrogen
follows the dark matter (computed based on the Millennium
simulation density field), nHI is the mean comoving number
density of hydrogen atoms, and Vcell is the comoving volume
of the cell. Self-reionization of a cell occurs when Qcell = 1.
We divide the Millennium Simulation box into 2563 cells,
yielding cell side lengths of 1.953h−1Mpc and comoving vol-
umes of 7.4506h−3Mpc3.

Evaluation of the parameters Fc and fesc in Equa-
tions (4) and (5) is complicated, and their values are not
known. The recombination parameter Fc is related to the
density of the IGM on small scales, while fesc depends on
the details of the high redshift ISM. Previous work using
GALFORM suggested the value (1 + Fc)/fesc ∼ 10 (Ben-
son et al. 2001; Raičević et al. 2011) to fit observational
constraints on reionization. Here, we determine the value of
(1 + Fc)/fesc required in order to give a particular value of
ionization fraction at each redshift. Models presented in this
work take values ranging from (1 + Fc)/fesc = 1 → 58.9.

Based on equation (5), individual cells can have Qcell >
1. On the other hand, cells with Qcell < 1 may be ionized by
photons produced in a neighbouring cell. In order to find the
extent of ionized regions we therefore filter the Qcell field us-
ing a sequence of real space top hat filters of radius R (with
1.953 < R < 100h−1Mpc), producing one smoothed ioniza-
tion field QR per radius. At each point in the simulation
box we find the largest R for which the filtered ionization
field is greater that unity (i.e. ionized with QR > 1). All
points within the radius R around this point are considered
ionized. This procedure forms the position dependent ion-
ization fraction 0 � Q � 1, which describes the ionization
structure of the IGM during reionization. An example of the
ionization field is shown in Figure 1. The filtering follows the
method outlined in more detail in Geil & Wyithe (2008).

3.2 The 21-cm power spectrum

Fluctuations in 21 cm intensity (or brightness temperature)
from different regions of the IGM include contributions from
a range of different physical properties, including density,
velocity gradients, gas temperature, hydrogen spin temper-
ature and ionization state (Furlanetto et al. 2006). In this
paper we restrict our attention to analyses that assume the
spin temperature of hydrogen is coupled to the kinetic tem-
perature of an IGM that has been heated well above the
CMB temperature (i.e. Ts � TCMB). This condition should
hold during the later stages of the reionization era (z � 9,
Santos et al. 2007). In this regime there is a proportionality
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Figure 1. Example maps of the ionization structure produced by our modelling. In each case the slices shown are 500h−1Mpc on a side,
and 1.953h−1Mpc deep. The models were computed with �xi� = 0.55 (z = 7.3). The top panels show maps for the NOSN and the Bow06
models respectively. To make the effect of supernova feedback on the ionization map clear, the bottom panel shows the subtraction of
the Bow06 map from the NOSN map. Here a positive value shows regions where the Bow06 model predicts HII region but NOSN model
does not. Conversely the negative values show regions where the NOSN model predicts ionization but the Bow06 model does not. The
units of the grey-scale are (28[(1 + z)/10]mK).

between the ionization fraction and 21 cm intensity, and the

21 cm brightness temperature contrast may be written

∆T = 23.8

�
1 + z
10

� 1
2

[1−Q] (1 + δDM,cell) mK. (7)

Here we have ignored the contribution to the amplitude from

velocity gradients, and assumed as before that the hydrogen

overdensity follows the dark matter (δDM,cell). When calcu-

lating the power spectrum, velocity gradients increase the

amplitude of the spherically averaged redshift space power

spectrum by a factor of 4/3 relative to the real space pow-

erspectum (Barkana & Loeb 2005).

The filtering procedure described in § 3.1 provides a

3-dimensional map of the ionization structure within the

Millennium Simulation box, which provides a 3 dimensional

21cm intensity cube via equation (7). From this cube we

calculate the dimensionless 21-cm power spectrum

∆2
(k) = k3/(2π2

)P21(k) (8)

as a function of spatial frequency k, where P21(k) is the

21cm power spectrum.
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Figure 5. The predicted 21-cm dimensionless power spectra. Panels are shown for a range of values of �xi� corresponding to different
stages of reionization as shown in Figure 4. In each case powerspectra are plotted for both the Bow06 (solid lines) and the NOSN (dotted

lines) models. The units of the dimensionless power spectrum are (28[(1 + z)/10]mK)2. In the lower sub-panels we show the ratio of the

Bow06 model to the corresponding NOSN model.

Qcell on dark matter overdensity that is steeper than linear,
and has a much larger dispersion. In highly overdense regions
(δDM,cell > 2), the Bow06 model predicts many more stars
than does the NOSN model (at fixed ionization fraction)
which leads to larger HII volumes around these overdense
regions of the IGM than are found in the NOSN model.
However in lower density regions (δDM,cell < 2), the NOSN
model produces larger HII regions than does the Bow06
model. Since the shape of the 21cm power spectrum during
reionization is dominated by the HII region structure, this
different dependence of HII region size on large scale mass
overdensity leads to differences in the power spectrum.

In the remainder of this section we focus on results
for 21-cm power spectrum predictions from the Bow06 and
NOSN models. In Figure 4 we show ionization maps for
�xi� = 0.95, 0.75, 0.55, 0.36, 0.16 and 0.056 representing dif-
ferent stages of reionization. For our model these correspond
to redshifts of z ∼ 6.2, 6.7, 7.3, 7.88, 8.55 and 9.23 [these val-
ues are selected for comparison with the work by Lidz et al.
(2008)]. These maps are computed for Bow06 and NOSN
models and show the growth of HII regions during reioniza-
tion. In Figure 5, we show the corresponding dimensionless
21-cm power spectra for both the Bow06 and NOSN models.
Curves are shown for the same ionization fractions �xi� =
0.95, 0.75, 0.55, 0.36, 0.16 and 0.056. The solid lines show
the power spectrum arising from the Bow06 model, while
the dotted lines represent results for the NOSN model. Note
that we adjust the quantity (1 + Fc)/fesc in equations (4)

and (5) so as to get same mass averaged ionization fraction
�xi� for the two models at each redshift.

The overall trend with increasing ionization fraction is
for the wavenumber k at which the shoulder due HII regions
occurs to decrease (corresponding to increasing size of HII
regions). The difference between the 21-cm power spectrum
of the two models is the most pronounced at large scales
(i.e. small wave numbers). In this regime the NOSN pre-
dicted power spectrum is lower than for Bow06. At smaller
wavenumbers (i.e. large scales) the Bow06 model has higher
amplitude than the NOSN model for all ionization fraction
ranges. The difference in amplitude between the two models
increases from �xi� ∼ 0.056 to �xi� ∼ 0.16, before decreasing
later in the reionization history. The evolution of the power
spectrum in both models also shows the characteristic rise
and fall described in detail by Lidz et al. (2008). The max-
imum amplitude of the 21-cm power spectrum occurs at a
scale of around k ∼ 0.2h−1Mpc for an ionization fraction of
�xi� ∼ 0.5. The bottom panels in Figure 5 show the ratio
between the Bow06 model and the NOSN model for each
redshift.

In Table 2, we show the value of (1 + Fc)/fesc required
in order to give a particular value of ionization fraction at
each redshift for the Bow06 and NOSN models.

4.1 Observational implications

Lidz et al. (2008) demonstrated that first generation low fre-
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Predictions of 21 cm power spectrum at EoR

The SNe feedback impacts on the 21cm PS at EoR
not only amplitude but also slope
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Table 2. The values of (1 + Fc)/fesc which are different in the
models and redshifts.

Redshift (z) 9.23 8.55 7.88 7.3 6.7 6.2

�xi� 0.056 0.16 0.36 0.55 0.75 0.95

Bow06 model 1.64 1.64 1.64 2.3 3.2 4.5
NOSN model 32.1 28.3 27.6 35.3 45.8 58.9

Figure 6. Plots of the evolution in dimensionless 21cm power
spectrum amplitude (lower panels) and slope (upper pannels) as
a function of ionization fraction �xi�. Predictions are shown for
two models, Bow06 (triangles) and NOSN (circles). Results are
shown for two central wave numbers, kp = 0.4h−1Mpc (left) and
0.2h−1Mpc (right).

quency arrays like the MWA3 should have sufficient sensitiv-
ity to measure the amplitude and slope of the 21 cm power
spectrum. To quantify the effect of supernova feedback on
the power spectrum we therefore compare the amplitude and
slope of predicted 21-cm power spectra for the Bow06 and
NOSN models. In Figure. 6, we plot these values as a func-
tion of the �xi� for central wave numbers of k = 0.2h−1Mpc
and 0.4h−1Mpc, corresponding to the range of wave num-
bers to be probed by the MWA. There are significant differ-
ences in the predicted quantities. For k = 0.2h−1Mpc, the
inclusion of supernova feedback results in fractional changes
that are of order unity, particularly during the first half of
reionization.

Since the ionization fraction is not a direct observable,
we plot the progression of a model in the observable plane of
power spectrum amplitude vs slope. These are shown for the
Bow06 and NOSN models in Figure 7, again for the two val-
ues of central wavenumber. The arrows show the direction
from low to high �xi� (from 0.018 to 0.95). The tracks sepa-
rate according to whether supernova feedback is included or

3 www.mwa.org

Figure 7. Plots of the loci of points in the parameter space of 21-
cm power spectrum amplitude and slope. Loci are shown for each
of the Bow06 (triangles) and NOSN (circles) models. Results are
shown for two central wave numbers, kp = 0.2h−1Mpc (top) and
0.4h−1Mpc (bottom). The errorbars for 0.4h−1Mpc at each point
on the Bow06 model corresponding to estimates for the MWA
(Lidz et al. 2008) with 1000 hours of integration and 6MHz of
bandpass.

not. To illustrate the potential for detectability of this dif-
ference we also include errorbars at each point correspond-
ing to estimates for the MWA (Lidz et al. 2008) assuming
1000 hours integration and 6MHz bandpasses for wavenum-
ber k=0.4h−1Mpc. The figure demonstrates that mid-way
through reionization (i.e. at the highest amplitude), the dif-
ference between the tracks could be detected by the MWA,
indicating that the strength of super-nova feedback during
the epoch of reionization could be inferred directly from ob-
servations of the 21cm power spectrum.

5 SUMMARY AND CONCLUSIONS

Over the next decade we are likely to see the first mea-
surements of the power spectrum of redshifted 21cm fluc-
tuations from neutral hydrogen structure during the Epoch
of Reionization. One goal of these experiments will be to
learn about the properties of the galaxies that drove the
reionization process. It is known that the observed power
spectrum will be sensitive to the astrophysical properties of
the reionizing galaxies. With this in mind, Barkana (2009)
has suggested that analytic models of the power spectrum
could be used to determine the astrophysics of the reion-
izing galaxies, provided they are tuned to provide a suffi-
ciently precise description through comparison with numer-
ical simulations. However, previous analyses of the structure
of reionization and the predicted power spectrum have used
very simple prescriptions to relate ionizing luminosity to the
underlying dark matter distribution. In this paper we have
made a first attempt to connect the details of the 21cm
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The predicted estimation 
from MWA

with 1000hrs integration time 
and 6MHz of bandpass.



What I’ve done, am doing & will do....

• Taste and style of Kimchi depend on the choice of recipes. 

• Semi-Analytic model (with good recipe) is one of the useful 
tools to understand the Universe.

• Attempt to use the Semi-analytic modelling to see the EoR.

• We could see the SNe feedback effect imprinted on the 21cm 
power spectrum at EoR.

• Self consistent photo-ionization feedback modelling on the 
semi-analytic model.

• Using higher resolution simulation merger trees to 
understand the photo-ionization feedback.

• Impact of the self consistent photo-ionization feedback 
modelling at local Universe.



Thank you.
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