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 Understanding the epoch of reionization and the properties of the first galaxies represents an important goal for modern cosmology. The structure 
of reionization and hence 
the observed power spectrum of redshifted 21-cm fluctuations are known to be sensitive to the astrophysical properties of the galaxies that drove 
reionization. 
Thus, detailed measurements of the 21-cm power spectrum and its evolution could lead to measurements of the properties of early galaxies that are 
otherwise inaccessible. 
In this talk, I will show predictions for the ionized structure during reionization and the 21-cm power spectrum based on detailed models of galaxy 
formation.
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 Making predictions for the ionized structure 
during reionization and the 21-cm power 
spectrum based on detailed models of galaxy 
formation. 

Combined the GALFORM model implemented 
within the Millennium-II dark matter simulation, 
with a semi-numerical scheme.

Halo mass resolution ~ 10^{8} solar masses 
corresponding to the faint sources thought to 
dominate reionization. 

Using these models we show that the details of 
supernovae and radiative feedback affect the 
structure and distribution of ionized regions, and 
hence the slope and amplitude of the 21-cm 
power spectrum.
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Our method.
21-cm power spectrum predictions.
(Kim+ 2013a : 2013MNRAS.428.2467K)
cross-power spectrum predictions between galaxy and 21-cm observations.
(Jaehong Park, Poster #10)
21-cm power spectrum from escape fraction dependencies.
(Kim+ 2013b : 2013MNRAS.tmp.1574K)
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Hierarchical galaxy formation model
+

Semi-numerical scheme

GALFORM
Millennium-II simulation merger tree



•Rapid exploration of the 
parameter space of galaxy 
formation physics. 

•Large, statically useful samples.

•Wide range of properties, multi-
wavebands.

•Well explain local and moderate 
redshift observations.



Examples

Kim+ 2009; 2011



Method : Combine a semi-analytic model 
with semi-numerical scheme
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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, hxii, with redshift. This shortcoming will be ad-
dressed using higher resolution merger trees in the future.
However our modelling is su�cient 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 e�cient 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

N�,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 =


N�,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(�DM,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 6 Q 6 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 di↵erent regions of the IGM include contributions from
a range of di↵erent 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 hxii = 0.55 (z = 7.3). The top panels show maps for the NOSN and the Bow06
models respectively. To make the e↵ect 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 + �DM,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 (�DM,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) = k

3
/(2⇡2)P21(k) (8)

as a function of spatial frequency k, where P21(k) is the
21cm power spectrum.
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Table 1. The values of selected parameters which are di↵erent in the models. The columns are as follows: (1) the name of the model,
(2) the value of the photoionization parameter Vcut, (3) the SNe feedback parameter, Vhot, (4) the IMF of brown dwarfs ⌥, and (5)
comments giving model source or key di↵erences from published models.

Vcut[kms�1] Vhot[kms�1] ⌥ Comments

Bow06 30 485 1 Bower et al. (2006), Vcut value change
Lagos 30 485 1 Lagos et al. (2012)
Bow06(no suppression) 0 485 1 Bower et al. (2006), No radiative suppression
NOSN 30 0 4 Bower et al. (2006), No SNe feedback
NOSN(no suppression) 0 0 4 Bower et al. (2006)

No SNe feedback and No radiative suppression

velocities below Vcut. GALFORM then evolves the popula-
tion of galaxies to the next snapshot, where the ionisation
structure is recomputed. Details of the GALFORM specific
implementation are provided in the Appendix.

2.4 The High redshift galaxy luminosity function

It is important to consider how well the predicted galaxy
population represents the galaxies observed to exist at high
redshift. GALFORM models are calibrated to a wealth of
data at low redshift. Previously, Lacey et al. (2011) used
GALFORM with Monte Carlo merger trees (with no built-
in mass resolution limit) to compare model predictions with
observed properties of high-redshift galaxies at z ⇠ 3 � 10.
Their modelling was successful in reproducing the high red-
shift luminosity function, although with dependence on the
model used. In our work we have utilised N-body merger
trees extracted from the Millennium-II simulation in order
to explicitly include the correlations between galaxy posi-
tion and over-density in the IGM. Since the Millennium-II
simulation resolves most of the galaxies responsible for reion-
ization, the model predicts the correct star formation rate
density. We show the UV luminosity functions at high red-
shifts in Figure 1 for the Bow06 model and Lagos model
based on the Millennium-II dark matter simulation merger
trees. The UV luminosity function using the Millennium-II
simulation merger trees is nearly identical to the Monte-
Carlo merger trees for the Bow06 model (see Lacey et al.
2011). The Bow06 model (solid lines in Fig. 1) agrees well
with the observational results, with the exception of an over-
prediction of luminous galaxies. The Lagos model (dashed
lines in Fig. 1) shows better agreement with the data across
all redshifts and luminosities. The Lagos model has a dif-
ferent star formation law to the Bow06 model, and adopts
a burst timescale that also gives better agreement with the
UV luminosity function at z ⇠ 3�7 following the analysis in
the Lacey et al. (2011). Importantly, both models agree well
for the faint galaxies thought to be responsible for reioniza-
tion, indicating that our results should not be very sensitive
to this choice.

We also show the NOSN model. Simply removing the
feedback strength of SNe (by setting Vhot = 0) results in a
model that which greatly over predicts the number of galax-
ies at all luminosities. In order to correct for this we there-
fore modify the parameter in GALFORM which specifies
the ratio between the sum of the mass in visible stars and
brown dwarfs, and the mass in visible stars. This parameter
(⌥) quantifies the assumption for the IMF of brown dwarfs

(m < 0.1M�), which contribute mass but no light to stellar
population. We adopt a value of ⌥ = 4 for the NOSN and
NOSN(no suppression) models. The value of ⌥ should be
greater than unity by definition.

3 SEMI-NUMERICAL SHEME TO
CALCULATE THE EVOLUTION OF
IONISED STRUCTURE

Mesinger & Furlanetto (2007) introduced an approximate
but e�cient 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 numer-
ical simulations, implying that semi-numerical models can
be used to explore a large range of reionization scenarios.
In this paper we apply a semi-numerical technique to find
the ionization structure resulting from GALFORM galaxies
within the Millennium-II 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

N�,cell = f esc

Z tz

0

ṄLyc,cell(t) dt, (4)

where fesc is the escape fraction of photons produced by
stars in a galaxy. The total Lyman-continuum luminosity of
the Ncell galaxies within the cell expressed as the emission
rate of ionizing photons (i.e. units of photons/s) com-
puted from GALFORM is

ṄLyc,cell(t) =
N

cellX

i=1

ṄLyc,i(t), (5)

where

ṄLyc,i(t) =

Z 1

⌫
thresh

L⌫,i(t)
h⌫

d⌫, (6)

L⌫,i is the spectral energy distribution of galaxy i and ⌫thresh

is the Lyman-limit frequency, h⌫thresh = 13.6 eV. Note that
the number of photons produced per baryon in long-lived
stars and stellar remnants which depends on the IMF and
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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, hxii, with redshift. This shortcoming will be ad-
dressed using higher resolution merger trees in the future.
However our modelling is su�cient for studying the relative
change in the power spectrum due to astrophysical proper-
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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

N�,cell = Nphoton(IMF,Z )fesc
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, (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 =


N�,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(�DM,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 6 Q 6 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 di↵erent regions of the IGM include contributions from
a range of di↵erent 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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Table 1. The values of selected parameters which are di↵erent in the models. The columns are as follows: (1) the name of the model,
(2) the value of the photoionization parameter Vcut, (3) the SNe feedback parameter, Vhot, (4) the IMF of brown dwarfs ⌥, and (5)
comments giving model source or key di↵erences from published models.

Vcut[kms�1] Vhot[kms�1] ⌥ Comments

Bow06 30 485 1 Bower et al. (2006), Vcut value change
Lagos 30 485 1 Lagos et al. (2012)
Bow06(no suppression) 0 485 1 Bower et al. (2006), No radiative suppression
NOSN 30 0 4 Bower et al. (2006), No SNe feedback
NOSN(no suppression) 0 0 4 Bower et al. (2006)

No SNe feedback and No radiative suppression

velocities below Vcut. GALFORM then evolves the popula-
tion of galaxies to the next snapshot, where the ionisation
structure is recomputed. Details of the GALFORM specific
implementation are provided in the Appendix.

2.4 The High redshift galaxy luminosity function

It is important to consider how well the predicted galaxy
population represents the galaxies observed to exist at high
redshift. GALFORM models are calibrated to a wealth of
data at low redshift. Previously, Lacey et al. (2011) used
GALFORM with Monte Carlo merger trees (with no built-
in mass resolution limit) to compare model predictions with
observed properties of high-redshift galaxies at z ⇠ 3 � 10.
Their modelling was successful in reproducing the high red-
shift luminosity function, although with dependence on the
model used. In our work we have utilised N-body merger
trees extracted from the Millennium-II simulation in order
to explicitly include the correlations between galaxy posi-
tion and over-density in the IGM. Since the Millennium-II
simulation resolves most of the galaxies responsible for reion-
ization, the model predicts the correct star formation rate
density. We show the UV luminosity functions at high red-
shifts in Figure 1 for the Bow06 model and Lagos model
based on the Millennium-II dark matter simulation merger
trees. The UV luminosity function using the Millennium-II
simulation merger trees is nearly identical to the Monte-
Carlo merger trees for the Bow06 model (see Lacey et al.
2011). The Bow06 model (solid lines in Fig. 1) agrees well
with the observational results, with the exception of an over-
prediction of luminous galaxies. The Lagos model (dashed
lines in Fig. 1) shows better agreement with the data across
all redshifts and luminosities. The Lagos model has a dif-
ferent star formation law to the Bow06 model, and adopts
a burst timescale that also gives better agreement with the
UV luminosity function at z ⇠ 3�7 following the analysis in
the Lacey et al. (2011). Importantly, both models agree well
for the faint galaxies thought to be responsible for reioniza-
tion, indicating that our results should not be very sensitive
to this choice.

We also show the NOSN model. Simply removing the
feedback strength of SNe (by setting Vhot = 0) results in a
model that which greatly over predicts the number of galax-
ies at all luminosities. In order to correct for this we there-
fore modify the parameter in GALFORM which specifies
the ratio between the sum of the mass in visible stars and
brown dwarfs, and the mass in visible stars. This parameter
(⌥) quantifies the assumption for the IMF of brown dwarfs

(m < 0.1M�), which contribute mass but no light to stellar
population. We adopt a value of ⌥ = 4 for the NOSN and
NOSN(no suppression) models. The value of ⌥ should be
greater than unity by definition.

3 SEMI-NUMERICAL SHEME TO
CALCULATE THE EVOLUTION OF
IONISED STRUCTURE

Mesinger & Furlanetto (2007) introduced an approximate
but e�cient 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 numer-
ical simulations, implying that semi-numerical models can
be used to explore a large range of reionization scenarios.
In this paper we apply a semi-numerical technique to find
the ionization structure resulting from GALFORM galaxies
within the Millennium-II 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

N�,cell = f esc

Z tz

0

ṄLyc,cell(t) dt, (4)

where fesc is the escape fraction of photons produced by
stars in a galaxy. The total Lyman-continuum luminosity of
the Ncell galaxies within the cell expressed as the emission
rate of ionizing photons (i.e. units of photons/s) com-
puted from GALFORM is

ṄLyc,cell(t) =
N

cellX

i=1

ṄLyc,i(t), (5)

where

ṄLyc,i(t) =

Z 1

⌫
thresh

L⌫,i(t)
h⌫

d⌫, (6)

L⌫,i is the spectral energy distribution of galaxy i and ⌫thresh

is the Lyman-limit frequency, h⌫thresh = 13.6 eV. Note that
the number of photons produced per baryon in long-lived
stars and stellar remnants which depends on the IMF and
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Lv,i is the spectral energy distribution of galaxy i
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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, hxii, with redshift. This shortcoming will be ad-
dressed using higher resolution merger trees in the future.
However our modelling is su�cient 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 e�cient 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

N�,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 =


N�,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(�DM,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 6 Q 6 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 di↵erent regions of the IGM include contributions from
a range of di↵erent 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. The UV luminosity functions from the Bow06, Lagos11 and NOSN models with observed data points. The top-left panel
shows the predicted UV luminosity functions from the models at z=10.074 with the black dots are estimated by Bouwens et al. (2011)
for z ⇠ 10. The top-right panel shows the z=7.883 predictions from the models including the green dots for the z ⇠ 8 measured by
Bouwens et al. (2010). The bottom-left is the predictions for z=7.272 from models with the magenta dots for z ⇠ 7 came from McLure
et al. (2010). The bottom-right is for z=6.197 predictions with the blue dots for z ⇠ 6 measured by McLure et al. (2009).

4 STRUCTURE OF REIONIZATION

In this section we use our model to calculate the structure
of ionisation in the IGM for di↵erent reionization models.
In Figures 6 - 6, we show ionization maps for hxii = 0.95,
0.75, 0.55, 0.36, 0.16 and 0.056, illustrating the growth of
HII regions during reionization. For our model these values
correspond to redshifts of z ⇠ 6.197, 6.712, 7.272, 7.883,
8.550 and 9.278 [selected for comparison with the work by
Lidz et al. (2008)]. Maps are shown for Bow06, NOSN and
Lagos11 models in Figure 6 - 4, and for Bow06(no suppres-
sion) and NOSN(no suppression) models in Figure 5 - 6.
In order to make this comparison we adjust the quantity
(1+Fc)/fesc in equations (4) and (5) so as to get same mass
averaged ionization fraction hxii for the models at each red-
shift. The values of (1 + Fc)/fesc required in order to give a
particular values of ionization fraction at each redshift are
shown In Table 3. Models presented in this work take values

of (1 + Fc)/fesc that are less than 10 for models including
SNe feedback in agreement with the work of (Benson et al.
2001) and Raičević et al. (2011), but greater than 200 for
models without SNe feedback.

The e↵ects of SNe feedback strength (between the
Bow06 model and the NOSN model) and of star formation
law (between the Bow06 model and the Lagos11 model) on
the ionization history can be seen explicitly by comparing
Figures 3 and 4 with Figure 6. The regulation of star forma-
tion and cooling of hot gas in small galaxies by the SNe feed-
back process leads to massive galaxies which are more biased
towards dense regions, dominating the production of ioniz-
ing photons. As a result, the evolution of large HII regions
in the Bow06 model (Figures 6) starts from the overdense
environment and propagates to neighbouring overdense re-
gions. Conversely, the production of ionization photons from
the massive galaxies is less prominent in the NOSN model
(Figures 3) than in the Bow06 model. As a result the HII
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Table 1. The values of selected parameters which are di↵erent in the models. The columns are as follows: (1) the name of the model,
(2) the value of the photoionization parameter Vcut, (3) the SNe feedback parameter, Vhot, (4) the IMF of brown dwarfs ⌥, and (5)
comments giving model source or key di↵erences from published models.

Vcut[kms�1] Vhot[kms�1] ⌥ Comments

Bow06 30 485 1 Bower et al. (2006), Vcut value change
Lagos 30 485 1 Lagos et al. (2012)
Bow06(no suppression) 0 485 1 Bower et al. (2006), No radiative suppression
NOSN 30 0 4 Bower et al. (2006), No SNe feedback
NOSN(no suppression) 0 0 4 Bower et al. (2006)

No SNe feedback and No radiative suppression

velocities below Vcut. GALFORM then evolves the popula-
tion of galaxies to the next snapshot, where the ionisation
structure is recomputed. Details of the GALFORM specific
implementation are provided in the Appendix.

2.4 The High redshift galaxy luminosity function

It is important to consider how well the predicted galaxy
population represents the galaxies observed to exist at high
redshift. GALFORM models are calibrated to a wealth of
data at low redshift. Previously, Lacey et al. (2011) used
GALFORM with Monte Carlo merger trees (with no built-
in mass resolution limit) to compare model predictions with
observed properties of high-redshift galaxies at z ⇠ 3 � 10.
Their modelling was successful in reproducing the high red-
shift luminosity function, although with dependence on the
model used. In our work we have utilised N-body merger
trees extracted from the Millennium-II simulation in order
to explicitly include the correlations between galaxy posi-
tion and over-density in the IGM. Since the Millennium-II
simulation resolves most of the galaxies responsible for reion-
ization, the model predicts the correct star formation rate
density. We show the UV luminosity functions at high red-
shifts in Figure 1 for the Bow06 model and Lagos model
based on the Millennium-II dark matter simulation merger
trees. The UV luminosity function using the Millennium-II
simulation merger trees is nearly identical to the Monte-
Carlo merger trees for the Bow06 model (see Lacey et al.
2011). The Bow06 model (solid lines in Fig. 1) agrees well
with the observational results, with the exception of an over-
prediction of luminous galaxies. The Lagos model (dashed
lines in Fig. 1) shows better agreement with the data across
all redshifts and luminosities. The Lagos model has a dif-
ferent star formation law to the Bow06 model, and adopts
a burst timescale that also gives better agreement with the
UV luminosity function at z ⇠ 3�7 following the analysis in
the Lacey et al. (2011). Importantly, both models agree well
for the faint galaxies thought to be responsible for reioniza-
tion, indicating that our results should not be very sensitive
to this choice.

We also show the NOSN model. Simply removing the
feedback strength of SNe (by setting Vhot = 0) results in a
model that which greatly over predicts the number of galax-
ies at all luminosities. In order to correct for this we there-
fore modify the parameter in GALFORM which specifies
the ratio between the sum of the mass in visible stars and
brown dwarfs, and the mass in visible stars. This parameter
(⌥) quantifies the assumption for the IMF of brown dwarfs

(m < 0.1M�), which contribute mass but no light to stellar
population. We adopt a value of ⌥ = 4 for the NOSN and
NOSN(no suppression) models. The value of ⌥ should be
greater than unity by definition.

3 SEMI-NUMERICAL SHEME TO
CALCULATE THE EVOLUTION OF
IONISED STRUCTURE

Mesinger & Furlanetto (2007) introduced an approximate
but e�cient 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 numer-
ical simulations, implying that semi-numerical models can
be used to explore a large range of reionization scenarios.
In this paper we apply a semi-numerical technique to find
the ionization structure resulting from GALFORM galaxies
within the Millennium-II 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

N�,cell = f esc

Z tz

0

ṄLyc,cell(t) dt, (4)

where fesc is the escape fraction of photons produced by
stars in a galaxy. The total Lyman-continuum luminosity of
the Ncell galaxies within the cell expressed as the emission
rate of ionizing photons (i.e. units of photons/s) com-
puted from GALFORM is

ṄLyc,cell(t) =
N

cellX

i=1

ṄLyc,i(t), (5)

where

ṄLyc,i(t) =

Z 1

⌫
thresh

L⌫,i(t)
h⌫

d⌫, (6)

L⌫,i is the spectral energy distribution of galaxy i and ⌫thresh

is the Lyman-limit frequency, h⌫thresh = 13.6 eV. Note that
the number of photons produced per baryon in long-lived
stars and stellar remnants which depends on the IMF and

c� 2011 RAS, MNRAS 000, 1–14

Kim+ 2013a

ϒ quantifies the assumption for the IMF of brown 
dwarfs(m < 0.1M)
The suppression of cooling occurs when the host 
halo’s circular velocity lies below a threshold 
value, Vcut.
Vhot is a parameter to control strength of SNe 
feedback.

The predictions of UV luminosity functions from the models together with observational data points at high redshifts. 



Predictions of HI intensity maps

4 Han-Seek Kim et al.

Table 1. The values of selected parameters which are di↵erent in the models. The columns are as follows: (1) the name of the model,
(2) the value of the photoionization parameter Vcut, (3) the SNe feedback parameter, Vhot, (4) the IMF of brown dwarfs ⌥, and (5)
comments giving model source or key di↵erences from published models.

Vcut[kms�1] Vhot[kms�1] ⌥ Comments

Bow06 30 485 1 Bower et al. (2006), Vcut value change
Lagos 30 485 1 Lagos et al. (2012)
Bow06(no suppression) 0 485 1 Bower et al. (2006), No radiative suppression
NOSN 30 0 4 Bower et al. (2006), No SNe feedback
NOSN(no suppression) 0 0 4 Bower et al. (2006)

No SNe feedback and No radiative suppression

velocities below Vcut. GALFORM then evolves the popula-
tion of galaxies to the next snapshot, where the ionisation
structure is recomputed. Details of the GALFORM specific
implementation are provided in the Appendix.

2.4 The High redshift galaxy luminosity function

It is important to consider how well the predicted galaxy
population represents the galaxies observed to exist at high
redshift. GALFORM models are calibrated to a wealth of
data at low redshift. Previously, Lacey et al. (2011) used
GALFORM with Monte Carlo merger trees (with no built-
in mass resolution limit) to compare model predictions with
observed properties of high-redshift galaxies at z ⇠ 3 � 10.
Their modelling was successful in reproducing the high red-
shift luminosity function, although with dependence on the
model used. In our work we have utilised N-body merger
trees extracted from the Millennium-II simulation in order
to explicitly include the correlations between galaxy posi-
tion and over-density in the IGM. Since the Millennium-II
simulation resolves most of the galaxies responsible for reion-
ization, the model predicts the correct star formation rate
density. We show the UV luminosity functions at high red-
shifts in Figure 1 for the Bow06 model and Lagos model
based on the Millennium-II dark matter simulation merger
trees. The UV luminosity function using the Millennium-II
simulation merger trees is nearly identical to the Monte-
Carlo merger trees for the Bow06 model (see Lacey et al.
2011). The Bow06 model (solid lines in Fig. 1) agrees well
with the observational results, with the exception of an over-
prediction of luminous galaxies. The Lagos model (dashed
lines in Fig. 1) shows better agreement with the data across
all redshifts and luminosities. The Lagos model has a dif-
ferent star formation law to the Bow06 model, and adopts
a burst timescale that also gives better agreement with the
UV luminosity function at z ⇠ 3�7 following the analysis in
the Lacey et al. (2011). Importantly, both models agree well
for the faint galaxies thought to be responsible for reioniza-
tion, indicating that our results should not be very sensitive
to this choice.

We also show the NOSN model. Simply removing the
feedback strength of SNe (by setting Vhot = 0) results in a
model that which greatly over predicts the number of galax-
ies at all luminosities. In order to correct for this we there-
fore modify the parameter in GALFORM which specifies
the ratio between the sum of the mass in visible stars and
brown dwarfs, and the mass in visible stars. This parameter
(⌥) quantifies the assumption for the IMF of brown dwarfs

(m < 0.1M�), which contribute mass but no light to stellar
population. We adopt a value of ⌥ = 4 for the NOSN and
NOSN(no suppression) models. The value of ⌥ should be
greater than unity by definition.

3 SEMI-NUMERICAL SHEME TO
CALCULATE THE EVOLUTION OF
IONISED STRUCTURE

Mesinger & Furlanetto (2007) introduced an approximate
but e�cient 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 numer-
ical simulations, implying that semi-numerical models can
be used to explore a large range of reionization scenarios.
In this paper we apply a semi-numerical technique to find
the ionization structure resulting from GALFORM galaxies
within the Millennium-II 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

N�,cell = f esc

Z tz

0

ṄLyc,cell(t) dt, (4)

where fesc is the escape fraction of photons produced by
stars in a galaxy. The total Lyman-continuum luminosity of
the Ncell galaxies within the cell expressed as the emission
rate of ionizing photons (i.e. units of photons/s) com-
puted from GALFORM is

ṄLyc,cell(t) =
N

cellX

i=1

ṄLyc,i(t), (5)

where

ṄLyc,i(t) =

Z 1

⌫
thresh

L⌫,i(t)
h⌫

d⌫, (6)

L⌫,i is the spectral energy distribution of galaxy i and ⌫thresh

is the Lyman-limit frequency, h⌫thresh = 13.6 eV. Note that
the number of photons produced per baryon in long-lived
stars and stellar remnants which depends on the IMF and
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The SNe feedback impacts on the 21cm PS at EoR not only amplitude but also slope.
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Figure 9. The predicted 21-cm dimensionless power spectra for the models discussed in this paper. Panels are shown for a range of
values of hxii corresponding to di↵erent stages of reionization as shown in Figures 2 - 6. 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 the other models to the Bow06 model.

figure we see that Bow06 and NOSN models show a large
variation in 21-cm power spectrum predictions, with the am-
plitude of 21cm power spectrum for the Bow06 model being
higher than the NOSN model across all wave-numbers (with
the exception of very late in the reionization process). Sec-
ondly, the Bow06 and Lagos models show slightly di↵erent
21-cm power spectrum predictions. This is because the mod-
ified star formation law in the Lagos model relative to the
Bow06 model leads to di↵erent predictions for the number of
luminous galaxies (Figure 1) and hence the clustering of the
the ionising source population. Thirdly, the NOSN model
has a larger amplitude for the 21cm power spectrum than
does the NOSN(no suppression) model. This shows that the
photo-ionization e↵ect on the 21cm power spectrum can be
seen in the no SNe feedback models. Conversely, we find neg-
ligible di↵erence between the Bow06 and Bow06(no suppres-
sion) models. This very small di↵erence means that photo-
ionization feedback can only e↵ect the reionization signature
in the absence of SNe feedback. These findings represent the
main results of the paper.

Figure 9 also shows the evolution of predicted 21-
cm dimensionless power spectra for the di↵erent models.
The evolution of the power spectrum in Bow06,
Bow06(no suppression) and Lagos models show the
characteristic rise and fall described in detail by Lidz
et al. (2008). The maximum amplitude of the 21-
cm power spectrum occurs at a scale of around k ⇠

0.2h�1Mpc for an ionization fraction of hxii ⇠ 0.75. In
all models there is a trend for the wavenumber k at which the

shoulder due HII regions occurs to decrease (corresponding
to increasing size of HII regions) with increasing ionisation
fraction. The largest di↵erence is seen between the Bow06
and NOSN models, and is most pronounced at large scales
(i.e. small wave numbers). In this regime the NOSN 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
di↵erence in amplitude between the two models increases
from hxii ⇠ 0.056 to hxii ⇠ 0.16, before decreasing later
in the reionization history. We cannot distinguish the dif-
ference between the Bow06 and the Bow06(no suppression)
model at any redshifts. There is a small di↵erence between
the Bow06 and Lagos models at all redshifts, although the
magnitude of di↵erence is smaller than between the Bow06
and NOSN models. There is also a di↵erence between the
NOSN and NOSN(no suppression) models. The bottom pan-
els in Figure 9 show the ratio between the models and the
Bow06 model for each redshift.

6.1 Observational implications

Lidz et al. (2008) demonstrated that first generation low
frequency arrays like the MWA3 should have su�cient sen-
sitivity to measure the amplitude and slope of the 21 cm
power spectrum. To quantify the e↵ect of SNe feedback on

3 www.mwa.org
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Figure 11. Plots of the loci of points in the parameter space
of 21-cm power spectrum amplitude and slope. Loci are shown
for each of Bow06 (triangles, black solid line), NOSN (pentagons,
violet dotted line), Bow06(no suppression) (squares, blue long
dashed line), Lagos (circles, red dashed line) and NOSN(no sup-
pression) (octagons, green dot dashed line) models. Results are
shown for two central wave numbers, kp = 0.2h�1Mpc (top) and
0.4h�1Mpc (bottom), corresponding to the point on the

power spectrum at which we evaluate the amplitude and

gradient. The error bars for 0.4h�1Mpc at each point on the
Bow06 model correspond to estimates for the MWA (specifi-
cally an r

�2
distribution of 500 antennas) (Lidz et al. 2008)

with 1000 hours of integration and 6MHz of bandpass.

result, each of the assumed star-formation law, radiative
feedback and SNe feedback are found to a↵ect 21cm power-
spectrum predictions. Our main result is that the details of
SNe feedback are most important in modifying HII region
evolution, and hence the slope and amplitude of the 21 cm
power spectrum. We find that photo-ionization feedback also
a↵ects HII region evolution but only in the absence of SNe
feedback. Thus, unless SNe feedback is ine↵ective in high
redshift galaxies, the reionization process is not self regulat-
ing as has been argued previously (e.g. Iliev et al. 2007). This
finding is consistent with the work of Raičević et al. (2011)
who studied the photon budget in the context of the global
evolution of reionization. We find that measurements of the
amplitude and slope of the 21cm power spectrum would be
su�cient to determine the level at which SNe feedback op-
erated in high redshift galaxies.

In this work we have concentrated on the e↵ects of SNe
and radiative feedback which are relevant to the galaxies
thought to dominate reionization and are accessible to semi-
analytic models implemented within the Millennium-II sim-
ulation, and we have restricted ourselves to the assumption
that the escape fraction is not mass dependent. This study
illustrates the important role that semi-analytic models can
play in realistic simulation of the connection between ion-
ization structure and the properties of the galactic sources
responsible for reionization. Our paper is the first step in a
program to determine how redshifted 21cm observations can
be used to probe astrophysics of reionization.
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Carollo C. M., Gonzalez V., 2010, ApJL, 709, L133

Bower R. G., Benson A. J., Malbon R., Helly J. C., Frenk
C. S., Baugh C. M., Cole S., Lacey C. G., 2006, MNRAS,
370, 645

Boylan-Kolchin M., Springel V., White S. D. M., Jenkins
A., Lemson G., 2009, MNRAS, 398, 1150

Ciardi B., Stoehr F., White S. D. M., 2003, MNRAS, 343,
1101

Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 2000,
MNRAS, 319, 168

Crain R. A., Theuns T., Dalla Vecchia C., Eke V. R., Frenk
C. S., Jenkins A., Kay S. T., Peacock J. A., Pearce F. R.,
Schaye J., Springel V., Thomas P. A., White S. D. M.,
Wiersma R. P. C., 2009, MNRAS, 399, 1773

Croft R. A. C., Altay G., 2008, MNRAS, 388, 1501
Dijkstra M., Haiman Z., Rees M. J., Weinberg D. H., 2004,
ApJ, 601, 666

Efstathiou G., 1992, MNRAS, 256, 43P
Furlanetto S., Oh S. P., Briggs F., 2006, Physics Reports,
433, 181

c� 2011 RAS, MNRAS 000, 1–14

Prediction for upcoming observation.

Kim+ 2013a





• The new method combines a hierarchical galaxy formation model (based 
on Millennium-II merger trees) with semi-numerical scheme to predict 
redshifted 21cm power spectrum during the EoR.

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

• If SNe feedback is effective at suppressing star formation at high redshift 
galaxies, radiative feedback does not lead to self-regulation of the 
reionization process.

Summary-I
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Figure 11. Plots of the loci of points in the parameter space
of 21-cm power spectrum amplitude and slope. Loci are shown
for each of Bow06 (triangles, black solid line), NOSN (pentagons,
violet dotted line), Bow06(no suppression) (squares, blue long
dashed line), Lagos (circles, red dashed line) and NOSN(no sup-
pression) (octagons, green dot dashed line) models. Results are
shown for two central wave numbers, kp = 0.2h�1Mpc (top) and
0.4h�1Mpc (bottom), corresponding to the point on the

power spectrum at which we evaluate the amplitude and

gradient. The error bars for 0.4h�1Mpc at each point on the
Bow06 model correspond to estimates for the MWA (specifi-
cally an r

�2
distribution of 500 antennas) (Lidz et al. 2008)

with 1000 hours of integration and 6MHz of bandpass.

result, each of the assumed star-formation law, radiative
feedback and SNe feedback are found to a↵ect 21cm power-
spectrum predictions. Our main result is that the details of
SNe feedback are most important in modifying HII region
evolution, and hence the slope and amplitude of the 21 cm
power spectrum. We find that photo-ionization feedback also
a↵ects HII region evolution but only in the absence of SNe
feedback. Thus, unless SNe feedback is ine↵ective in high
redshift galaxies, the reionization process is not self regulat-
ing as has been argued previously (e.g. Iliev et al. 2007). This
finding is consistent with the work of Raičević et al. (2011)
who studied the photon budget in the context of the global
evolution of reionization. We find that measurements of the
amplitude and slope of the 21cm power spectrum would be
su�cient to determine the level at which SNe feedback op-
erated in high redshift galaxies.

In this work we have concentrated on the e↵ects of SNe
and radiative feedback which are relevant to the galaxies
thought to dominate reionization and are accessible to semi-
analytic models implemented within the Millennium-II sim-
ulation, and we have restricted ourselves to the assumption
that the escape fraction is not mass dependent. This study
illustrates the important role that semi-analytic models can
play in realistic simulation of the connection between ion-
ization structure and the properties of the galactic sources
responsible for reionization. Our paper is the first step in a
program to determine how redshifted 21cm observations can
be used to probe astrophysics of reionization.
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The escape fraction of ionizing photons 
from their host galaxies is one of the 
most important unknowns for the 
reionization history. 

Observational estimates show a broad 
range of escape fraction values from a 
few per cent in the local Universe to a 
few per cent or a few tens of per cent 
at redshift z ∼1–3.
(Hurwitz, Jelinsky & Dixon 1997; Bland-Hawthorn&Maloney 1999; Putman 
et al. 2003; Inoue, Iwata & Deharveng 2006; Shapley et al. 2006; Chen, 
Prochaska & Gnedin 2007; Siana et al. 2007).

However, there are no observational 
constraints on the escape fraction 
during the epoch of reionization. 

Theoretically, the escape fraction is 
predicted to span a very broad range 
from 0.01 to 1.
 (Ricotti & Shull 2000; Wood & Loeb 2000; Benson et al. 2002; Ciardi et al. 
2003; Fujita et al. 2003; Sokasian et al. 2003;Wyithe & Loeb 2007;Wise & Cen 
2009; Raiˇcevi´c et al. 2011; Kuhlen & Faucher-Gigu`ere 2012).

Unknowns about escape fraction

We assume several different models for fesc.
We model dependencies of the escape
fraction with halo mass and redshift using

Kim+ 2013b



Evolutions of ionization fraction

Redshift dependence Halo mass dependence

Kim+ 2013b

We force to fesc=0 when the value of Eq. 7 is negative and fesc=1
when the value greater than unity. We also consider a fiducial model with fesc=constant. 
We assume Fc to equal 0.5.



 The slope and amplitude of the 21 cm power spectrum, is dependent on the variation of 
ionising photon escape fraction.

Redshift dependence 

Halo mass dependence

Prediction for upcoming observation
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The dominant astrophysical effect provided by SNe feedback strength in high redshift galaxies 
influence bigger than unknown escape fraction and its evolution.
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• We  find that the influence of the unknown escape fraction and 
its evolution is smaller than the dominant astrophysical effect 
provided by SNe feedback strength in high redshift galaxies.

Summary-II



• The new method combines a hierarchical galaxy formation model (based 
on Millennium-II merger trees) with semi-numerical scheme to predict 
redshifted 21cm power spectrum during the EoR.

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

• If SNe feedback is effective at suppressing star formation at high redshift 
galaxies, radiative feedback does not lead to self-regulation of the 
reionization process.

• We  find that the influence of the unknown escape fraction and its 
evolution is smaller than the dominant astrophysical effect provided by 
SNe feedback strength in high redshift galaxies.

Summary-I+II



Thank you!!


